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Figure 105: As Figure 10.3. but for percentage precipitation change (from Giorgi and Francisco, 2000b).
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Figure 10.6: Analysis of inter model consistency in regional precipitation change based on the results presented in Figure 10.5. Regions are
classified as showing either agreement on increase with an average change of greater than 20% ("Large increase'), agreement on increase with an
average change between 5 and 20% ("Small increase"), agreement on a change between -5 and +5% or agreement with an average change
between -5 and 5% ("No change'), agreement on decrease with an average change between -5 and -20% ("Small decrease'), agreement on
decrease with an average change of less than -20% ("Large decrease"), or disagreement ("Inconsistent sign"). GO is the greenhouse gas only case
(see Figure 10.Sa), and, GS, the greenhouse gas with increased sulphate case (see Figure 10.5b). In constructing the figure, ensemble results were
averaged to a single case, and "agreement" was defined as having at least of four the five GG models agreeing or three of the four GS models
agreeing.

although with some features shifting northwards. Only the
high-latitude regions (ANT, ALA, GRL and NAS) show
consistent increase. There is disagreement on the direction of
change in a number of regions in the northern mid-latitudes
and the sub-tropics, although consistent decrease is evident in
the Mediterranean Basin (MED) and central American (CAM)
regions. Some regions along the Inter-Tropical Convergence
Zone (ITCZ) show consistent increase or little change (AMZ,
SEA and SAS), but eastern Africa (EAF) shows a consistent
decrease. In the Southern Hemisphere, only Australia (SAU
and NAU) shows a consistent pattern of change in both cases
(decrease). When the non-sulphate and sulphate cases are
contrasted, more frequent simulated precipitation decrease
may be noted in parts of North America, Africa and Asia for
the case with increased sulphate aerosols (see results in Figure
10.6 for SAF, CNA, CAS and EAS).
The magnitude of regional precipitation change varies
considerably amongst models, with the typical range being
around 0 to 50% where the direction of change is strongly
indicated and around -30 to +30% where it is not. Larger
ranges occur in some regions (e.g., -30 to +60% in southern
Africa in JJA for GHG only forcing), but this occurs mainly in
regions of low seasonal precipitation where the implied range
in absolute terms would not be large. Changes are consistently

large (greater than 20% averaged across models) in both the
sulphate and non-sulphate cases in northern high latitude
regions (GRL, NEU and NAS, positive change) in DJF and
central America (CAM, negative change) in DJF. The number
of precipitation changes statistically significant at the 5%
confidence level varied widely across regions and seasons.
A number of new transient AOGCM simulations for the
SRES A2 and B2 scenarios have recently become available and
a preliminary analysis was conducted by the lead authors. This
follows the procedure similar to that described in this section
in relation to Figures 10.3 to 10.6. The results are presented in
Box 10.1.
The analysis described above is for broad area-averages
only and the results described should not be assumed to apply
to all areas within these regions. More focused regional studies
have examined within-region spatial patterns of change
(Joubert and Tyson, 1996; Machenhauer et a!., 1996, 1998;
Pittock et at, 1995; Whetton et at, 1996b; Carril et at, 1997;
Labraga and Lopez, 1997). Such studies can reveal important
features which are consistent amongst models but are not
apparent in area-average regional results. For example,
Labraga and Lopez (1997) noted a tendency for simulated
rainfall to decrease in northern Amazonia and to increase in
southern pans of this region. Jones R.N. et at (2000) noted a
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Figure 10.7: For the European region, simulated change in annual precipitation, averaged by latitude and normalised to % change per °C of
global warming. Results are given for twenty-Ouee enhanced GHG simulations (forced by CO2 change only) produced between the years 1993
and 1998. The earlier experiments are those used in the SCENGEN climate scenario generator (Hulme et at, 1995) and include some mixed-layer
I X and 2XC02 equilibrium experiments; the later ones are the AOGCM experiments available through the DDC. From Hulme et al. (2000).

predominance of rainfall increase in the central equatorial
Pacific (northern Polynesia), but in the areas to the west and
south-west the direction of rainfall change was not clearly
indicated.
To illustrate further inter-model variations in simulated
regional precipitation change, results obtained in model intercomparison studies for the Australian, Indian, North American
and European regions are examined. All of these regions have
been extensively studied over the years using equilibrium
2xCO2 experiments (such as those featured in IPCC, 1990),
first generation transient coupled AOCCMs (as in the SAR),
and more recent AOGCMs available in the DDC (Table 9.1).

This comparison also enables an assessment of how the
regional precipitation projections have changed as the models
evolved.
In the Australian region, the pattern of simulated precipitation
change in winter (UA) has remained broadly similar across these
three groups of experiments and consists of rainfall decrease in
sub-tropical latitudes and rainfall increase south of 35 to 40°S
(Whetton et al., 1996a, 2001). However, as the latitude of the
boundary between these two zones varied between models,
southemmost pans of Australia lay in the zone where the direction
of precipitation change was inconsistent amongst models. In
summer (DJF) the equilibrium 2XCO2 experiments showed a
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Box 10.1: Regional climate change in AOGCMs which use SRES emission scenarios
Introduction
This box summarises results on regional climate change obtained from a wt of nine AOGCM simulations undertaken using SRES
preliminary marker emission scenarios A2 and B2. The models are CGCM2, CSIRO Mk2, CSM 1.3, ECHAM4/OPYC,
GFDL_R30_c, HadCM3, MRI2, CCSR/NIES2, DOE PCM, (numbered 7, 10, 12, 15, 18, 23, 27, 31 and 30 in Chapter 9, Table 9.1).
The results are based on data for 2071 to 2100 and 1961 to 1990 that have been directly analysed and assessed by the lead authors.
These results should be treated as preliminary only.
Analysis
Regional changes in precipitation and temperature were calculated using the same methodology as that of Giorgi and Francisco
(2000b) (see Figures 10.1, 10.3 and 10.5). The results were then assessed for inter-model consistency using the same method as
that used in Figures 10.4 and 10.6 for the earlier set of simulations. The results for temperature are in Box10.1, Figurel and for
precipitation in Box10.2, Figure2.
The SRES results may be compared with the earlier results summarised in Figures 10.4 and 10.6 (which will be referred to
here as the IS92a results). However, it should be noted that these two sets of results differ in the set of models used (both in the
model versions and in the total number of simulations), and in the scenarios contrasted in each case (for IS92a it is GHG-only versus
GHG+sulphate and for SRES it is A2 versus B2). Also, due to differences in the number of models, thresholds for agreement are
not the same in each case (although they have been chosen to be as nearly equivalent as possible).
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Box 10.1, Figure 1: Analysis of inter-model consistency in regional relative warming (warming relative to each model's global warming).
Regions are classified as showing either agreement on warming in excess of 40% above the global avenge ( 'Much greater than average
warming'), agreement on warming greater than the global average ('Greater than average warming'), agreement on warming less than the global
average ('Less than average warming'), or disagreement amongst models on the magnitude of regional relative warming ( 'Inconsistent magnitude
of warming'). There is also a category for agreement on cooling ( which never occurs). A consistent result from at least seven of the nine models
is deemed necessary for agreement. The global annual average warming (DJF and J1A combined) of the models used span t.2 to 4.5°C for A2
and 0.9 to 3.4°C for B2, and therefore a regional 40% amplification represents warming ranges of 1.7 to 6.3°C for A2 and 1.3 to 4.7°C for B2.

Results
SRES
• Under both SRES cases, most land areas wann more rapidly than the global average. The warming is in excess of 40% above the
global average in all high northern latitude regions and Tibet (ALA, GRL, NEU, NAS and THf) in DJF, and in the Mediterranean
basin, central and northern Asia and Tibet (MED, CAS, NAS, and TIB) in 1JA. Only in South Asia and southern South America (SAS
and SSA) in UA and southeast Asia (SEA) in both seasons do the models consistently show warming less than the global average.
• For precipitation, consistent increase is evident in both SRES scenarios over high latitude regions (ALA, GRL, NAS and ANT)
in both seasons, northern mid-latitude regions and tropical Africa (WNA, ENA, NEU, CAS, TIB, WAF and EAF) in DJF, and
South Asia, East Asia and Tibet (SAS, EAS and TIB) in J1A. Consistent precipitation decrease is present over Central America
(CAM) in DJF and over Australia and southern Africa (NAU, SAU and SAF) in AA.
• Differences between the A2 and B2 results are minor and are mainly evident for precipitation. In the B2 scenario there are fewer
regions showing consistently large precipitation changes, and there is a slight increase in the frequency of regions showing
"inconsistent' and "no change" results. As the climate forcing is smaller in the 82 case and the climate response correspondingly
weaker, some differences of this nature are to be expected.
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SRES versus IS92a
• In broad terms, the temperature results from SRES are similar to the IS92a results. In each of the two SIZES and IS92a cases,
warming is in excess of 40% above the global average in Alaska, northern Canada, Greenland, northern Asia, and Tibet (ALA,
GRL, NAS and TIB) in DJF and in central Asia and Tibet (CAS and TIB) in JJA. All four cases also show warming less than
the global average in South and Southeast Asia, and southern South America (SAS, SEA and SSA) in 11A.
• The main difference in the results is that there are substantially more instances for the SRES cases where there is disagreement on the magnitude of the relative regional warming. This difference is mainly evident in tropical and Southern Hemisphere
regions.
• The precipitation results from SRES are also broadly similar to the corresponding IS92a results. There are many regions where
the direction of precipitation change (although not necessarily the magnitude of this change) is consistent across all four cases.
In DJF this is true for increase in northern mid- to high latitude regions, Antarctica and tropical Africa (ALA, GRL, WNA,
ENA, NEU, NAS, TIB, CAS, WAF, EAF and ANT) and decrease in Central America (CAM). In J1A it is true for increase in
high latitude regions (ALA, GRL, NAS and ANT) and for decrease in southern and northern Australia (SAU and NAU). Little
change in Southeast Asia in DIE and little change or increase over South Asia in JJA are also consistent results.
• Although there are no cases where the SIZES and IS92a results indicate precipitation changes of opposite direction, there are
some notable differences. In the Sahara and in East Asia (SAH and EAS) in JIA, the results for both SRES scenarios show
consistent increase whereas this was not true in either of the IS92a cases. On the other hand, in central North America and
northern Australia (CNA and NAU) in DJF; and in East Africa (EAF) in 1IA, the results for both SRES scenarios show model
disagreement whereas the IS92a scenarios showed a consistent direction of change (increase in CNA, and decrease in EAF
and NAU). It is also notable that the consistent decrease in JJA precipitation over the Mediterranean basin (MED) seen for
both IS92a cases is present for SRES only for the A2 scenario (for which the decrease is large).

Box 10.1, Figure 2: Analysis of inter-model consistency in regional precipitation change. Regions are classified as showing either
agreement on increase with an average change of greater than 20% (2arge increase'), agreement on increase with an average change
between 5 and 20% ('Small increase'), agreement on a change between -5 and +5% or agreement with an average change between -5 and
5% ('No change'), agreement on decrease with an average change between -5 and -20% ('Small decrease'), agreement on decrease with an
average change of less than -20% ('Large decrease'). or disagreement ('Inconsistent sign'). A consistent result from at least seven of the
nine models is deemed necessary for agreement.

Uncertainty
The above comparisons concern the quantification of two different sources of uncertainty represented in the cascade of
uncertainty described in Chapter 13, Section 13.5.1 (Figure 13.2). These include uncertainties in future emissions (IS92a GG
and GS; SRES A2 and 62), and uncertainties in modelling the response of the climate system to a given forcing (samples of up
to nine AOGCMs). Agreement across the different scenarios and climate models suggests, relatively speaking, less uncertainty
about the nature of regional climate change than where there is disagreement. For example, the agreement for northern latitude
winter precipitation extends across all emission scenarios and all models, whereas there is considerable disagreement (greater
uncertainty) for tropical areas in AA. Note that these measures of uncertainty are qualitative and applied on a relatively coarse
spatial scale. It should also be noted that the range of uncertainty covered by the four emissions scenarios does not encompass
the entire envelope of uncertainty of emissions (see Chapter 9, Section 9.2.2.4, and Chapter 13, Section 13.5.1). The range of
models (representing the uncertainties in modelling the response to a given forcing) is somewhat more complete than in earlier
analyses, but also limited.
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strong tendency for precipitation to increase, particularly in the
north-west of the continent. This tendency was replaced in the first
coupled AOGCMs by one of little change or precipitation
decrease, which has remained when the most recent coupled
models are considered. Whetton et at (1996a) partly attributed the
contrast in the regional precipitation response of the two types of
experiments to contrasts in their hemispheric patterns of warming.
Lal et at (1998b) surveyed the results for the Indian
subcontinent of seventeen climate change experiments including
both equilibrium 2XCO, and transient AOGCM simulations
with and without sulphate aerosol forcing. In the simulations
forced only by GHG increases, most models show wet season
(IIA) rainfall increases over the region of less than 5% per
degree of global warming. A minority of experiments show
rainfall decreases. The experiments which included scenarios of
increasing sulphate forcing all showed reduced rainfall
increases, or stronger rainfall decreases, than their corresponding GHG-only experiments.
For the central plains of North America, IPCC (1990) noted
a good deal of similarity in the response of equilibrium 2XCOz
experiments, with precipitation decreases prevailing in the
summer and increases in the winter of less than 10%. In the
second group of experiments (nine transient runs with AOGCMs)
a wider range of responses was found (in the SAR). In winter,
changes in precipitation ranged from about -12 to +20% for the
time of CO2 doubling, and most of the models (six out of nine)
exhibited increases. In summer, the range of change was narrower,
within ±10%, but there was no clear majority response towards
increases or decreases. Doherty and Means (1999) found that the
CGCMI and HadCM2 models simulated opposite changes in
precipitation in both seasons over North America. While overall
there is a tendency for more decreases to be simulated in the
summer and more increases in the winter, there does not seem to
be a reduction in the uncertainty for this region through the
progression of climate models.
Many studies have considered GCM-simulate.d patterns of
climate change in the European region (e.g., Barrow et at., 1996;
Hulme and Brown, 1998; Osborn and Hulme, 1998; Raisanen,
1998; Benestad et at 1999; Osborn et at, 1999). Hulme et at
(2000) provide an overview of simulated changes in the region by
considering the results of twenty-three climate change simulations (forced by GHG change only) produced between the years
1983 and 1998 and including mixed-layer 1X and 2XCO2
equilibrium experiments as well as transient experiment.s. Figure
10.7 shows their results for simulated change in annual precipitation, averaged by latitude and normalised to percentage change
per degree of global warming. It may be seen that the consensus
amongst current models for drying in southern Europe and wetter
conditions in northern Europe represents a continuation of a
pattern established amongst the earlier simulations. The effect of
model development has primarily been to intensify this pattern of
response.
Variations across simulations in the regional enhanced GHG
results of AOGCMs, which are particularly evident for precipitation, represent a major uncertainty in any assessment of regional
climate change. Such variation may arise due to differences in
forcing, systematic model-to-model differences in the regional
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response to a given forcing or differences due to natural decadal
to inter-decadal scale variability in the models. Giorgi and
Francisco (2000a,b) analysed AOGCM simulations including
different models, forcing scenarios and ensembles of simulations,
and found that the greatest source of uncertainty in regional
climate change simulation was due to inter-model differences,
with intra-ensemble and inter-scenario differences being less
important (see Figures 10.3 and 10.5). However, it should be
noted that Giorgi and Francisco (20o0a,b) used long (thirty year)
means and large (sub-continental scale) regions and that the
uncertainty due to simulated natural variability would be larger
when shorter averaging periods, or smaller regions, are used. The
results of Hulme et at (1999) also suggest that low-frequency
natural climatic variability is important at the sub-regional scale
in Europe and can mask the enhanced GHG signal.
Regional changes in the mean pattern of atmospheric
circulation have been noted in various studies, although typically
the changes are not marked (e.g., Huth, 1997; Schubert, 1998).
Indeed, the work of Conway (1998) and Wilby et al. (1998b)
suggests that the contribution of changes in synoptic circulation
to regional climate change may be relatively small compared to
that of sub-synoptic processes.
10.3.2.2 Climate variability and ertreme events
Gregory and Mitchell (1995) identified in an equilibrium 2XCO2
simulation with the Hadley Centre model a tendency for daily
temperature variability over Europe to increase in AA and to
decrease in DJF. Subsequent work on temperature variability at
daily to monthly and seasonal time-scales has tended to confirm
this pattern, as found by Buishand and Beersma (1996) over
Europe, Beersma and Buishand (1999) over southern Europe,
northern Europe and central North America and Boer el at.
(2000b) throughout the northern mid-latitudes. This tendency can
also be seen in the results of Giorgi and Francisco (2000a) for a
set of transient HadCM2 simulations over different regions of the
globe.
Daily high temperature extremes are likely to increase in
frequency as a function of the increase in mean temperature, but
this increase is modified by changes in daily variability of
temperature. There is a corresponding decrease in the frequency
of daily low temperature extremes. Kharin and Zwiers (2000) and
Zwiers and Kharin (1997) found that in all regions of the globe
the CGCMI model simulated substantial increases in the
magnitude of extreme daily maximum and minimum temperatures, with an average frequency of occurrence of once per
twenty years. Delworth et at (1999) considered simulated
changes of a 'heat index' (a measure which combines the effect
temperature and moisture) in the GFDL R15a model. Their
results indicated that seasonally warm and humid areas such as
the south-eastern United States, India, Southeast Asia and
northern Australia can experience increases in the heat index
substantially greater than that expected due to warming alone.
There is a strong correlation between precipitation inter
annual variability and mean precipitation. Increases in mean
precipitation are likely to be associated with increases in
variability, and precipitation variability is likely to decrease in areas
of reduced mean precipitation. In general, where simulated
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changes in regional precipitation variability have been examined,
increases are more commonly noted. Giorgi and Francisco
(2000a) found a tendency for regional interannual variability of
seasonal mean precipitation to increase in HadCM2 simulations in
many of the regions they considered. Increases in interannual
variability also predominated in the CGCM I simulation (Boer et
at., 2000b) although there were areas of decrease, particularly in
areas where mean rainfall decreased. Beersma and Buishand
(1999) mostly found increases in monthly precipitation variance
over southern Europe, northern Europe and central North
America. A number of studies have reported a tendency for
intemnnual rainfall variability to increase over South Asia (SAR;
Lal et at., 2000). McGulFie et at (1999) identified a tendency for
increased daily rainfall variability in two models over the Sahel,
North America, South Asia, southern Europe and Australia. It
should also be noted that in many regions interannual climatic
variability is strongly related to ENSO, and thus will be affected
by changes in ENSO behaviour (see Chapter 9).
The tendency for increased rainfall variability in enhanced
GHG simulations is reflected in a tendency for increases in the
intensity and frequency of extreme heavy rainfall events. Such
increases have been documented in regionally focused studies for
Europe, North America, South Asia, the Sahel, southern Africa,
Australia and the South Pacific (Hennessy er al, 1997; Bhaskaran
and Mitchell, 1998; McGufHe et al 1999; ]ones, R.N. et al., 2000)
as well as in the global studies of Kharin and Zwiers (2000) and
Zwiers and Kharin (1998). For example, Hennessy et al. (1997)
found that under 2xCO, conditions the one-year return period
events in Europe, Australia, India and the USA increased in
intensity by 10 to 25% in two models.
Changes in the occurrence of dry spells or droughts have
been assessed for some regions using recent model results. Joubert
et at (1996) examined drought occurrence over southern Africa in
an equilibrium 2XCOZ CSIRO simulation and noted areas of both
substantial increase and decrease. Gregory et at (1997) looked at
drought occurrence over Europe and North America in a transient
simulation using both rainfall-based and soil moisture-based
measures of drought. In all cases, marked increases were obtained.
This was attributed primarily to a reduction in the number of
rainfall events rather than a reduction in mean rainfall. Marked
increases in the frequency and intensity of drought were found
also by Kothavala (1997) over Australia using the Palmer drought
severity index.
Fewer studies have considered changes in variability and
extremes of synoptic circulation under enhanced GHG conditions.
Huth (1997) noted little change in synoptic circulation variability
under equilibrium 2XCO2 conditions over North America and
Europe. Katzfey and Mclnnes (1996) found that the intense cutoff lows off the Australian east coast became less common under
equilibrium 2XCO2 conditions in the CSIRO model, although
they had limited confidence in this result.
10.3.3 Summary and Recommendations
Analysis of transient simulations with AOGCMs indicates that
average climatic features are generally well simulated at the
planetary and continental scale. At the regional scale, area-average
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biases in the simulation of present day climate are highly variable
from region to region and across models. Seasonal temperature
biases are typically within the range of +-4'C but exceed ±5°C in
some regions, particularly in D1F. Precipitation biases are mostly
between -40 and +80%, but exceed 100% in some regions. These
regional biases are, in general terms, smaller than those of a
similar analysis presented in the SAR. When it has been assessed,
many aspects of model variability have compared well against
observations, although significant model-dependent biases have
been noted. Model performance was poorer at the finer scales,
particularly in areas of strong topographical variation. This
highlights the need for finer resolution regionalisation techniques.
Simulated changes in mean climatic conditions for the last
decades of the 21st century (compared to present day climate)
vary substantially among models and among regions. All land
regions undergo warming in all seasons, with the warming being
generally more pronounced over cold climate regions and seasons.
Average precipitation increases over most regions, especially in
the cold season, due to an intensified hydrological cycle. However,
some exceptions occur in which most models concur in simulating
decreases in precipitation. The magnitude of regional precipitation
change varies considerably among models with the typical range
being around 0 to 50%, where the direction of change is strongly
indicated, and around -30 to +30% where it is not. There is strong
tendency for models to simulate regional increases in precipitation
variability with associated increases in the frequency of extreme
rainfall events. Increased interannual precipitation variability is
also commonly simulated and, in some regions, increases in
drought or dry-spell occurrence have been noted. Daily to interannual variability of temperature is simulated to decrease in
winter and increase in summer in mid-latitude Northern
Hemisphere land areas.
10.4 GCMS with Variable and Increased Horizontal
Resolution
This section deals with the relatively new idea of deriving regional
climate information from AGCMs with variable and increased
horizontal resolution. Although the basic methodology is
suggested in the work of Bengtsson et at (1995), where a high
resolution GCM was used to simulate changes in tropical cyclones
in a warmer climate, it is only in the last few years that such
models have been used more widely to predict regional aspects of
climate change. Even so, only a limited number of experiments
have been conducted to date (see Table 10.1) and hence what
follows is not a definitive evaluation of the technique but an initial
exploration of its potential.
10.4.1 Simulations of Current Climate
Analysis of current climate simulations has considered both
deviations from the observed climate and effects of changes in
resolution on the model's climatology. Most studies have considered just the mean climate and some measures of variability, either
globally or for a particular region of interest. The only extreme
behaviour studied in any detail was the simulation of tropical
cyclones. Even for mean climate, no comprehensive assessment
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Table 10.1: Enhanced and variable resolution GCM control and anomaly simulations. Resolution is given as either the spectral truncation or
grid-point spacing depending on the model's fommlaion (and with a.nnge for variable resolution models). The equivalent grid-point resolution
of spectral truncation T42 is 2.8°32.8° (scaling linearly).

Institution

Model

MPI
MPI
UKMO
UKMO
MRI
CNRM
LGGE

ECHAM3
ECHAM3/4
HadAM2b
HadAM3a
JMA
ARPEGE
LMDZ

Horizontal
Resolution
T42
T106
0.83°x1.25°
0.83°x1.25°
T106
T213-T2l,T106
100t07 00km

Control
Forcing
ECHAM/LSG
Ohs
Obs
Ohs
Ohs
Obs/HadCM2
Obs

of the surface climatology of variable or high resolution models
has been attempted. Europe has been the most common area of
study to date, although southern Asia and the polar regions have
also received attention
10.4.1.1 Mean climate
The mean circulation is generally well simulated by AGCMs,
though relatively large regional-scale biases can still be present.
Many feamres of the large-scale climate of AGCMs are retained at
higher resolution (D'equi`, and Piedelievre, 1995; Stendel and
Roeckner, 1998; May, 1999; Stratton, 1999a). A common change
is a poleward shift of the extra-tropical storm track regions. It has
been suggested that this is linked to a general deepening of
cyclones, noted as a common feature in high-resolution
atmospheric models (Machenhauer et at, 1996; Stratton 1999a).
More intense activity is also seen at higher resolution in the tropics.
For example, a stronger Hadley circulation was observed in
ECHAM4 and HadAM3a that worsened agreement with observations (Stendel and Roeckner, 1998; Stratton, 1999b).
The repositioning of the storm tracks generally improves the
simulations in the Northern Hemisphere, as it reduces a positive
polar surface pressure bias which is present in the models at
standard resolution. In the case of HadAM3a, this leads to substantial improvements in Northern Hemisphere low level flow in winter
(Figure 10.8). In the Southern Hemisphere, the impact on the
circumpolar flow is not consistently positive across models (Figure
10.8; Krinner et at, 1997). In ECHAM4 and HadAM3a, increased
resolution has little impact on the negative surface pressure bias
over the tropics but improves the low-level South Asian monsoon
flow (Lal et at, 1997; Stratton, 1999b).
The existence of these common responses to increased resolution suggests that they result from improved representation of the
resolved variables. In contrast, an increase in the intensity of subtropical anticyclones observed in ECHAM4 results from a tropospheric warming promoted by excessive cirrus clouds attributed to
a scale-dependent response in the relevant parametrization (Stendel
and Roeckner, 1998).
The aim of increasing resolution in AGCMs is generally to
improve the simulation of surface climatology compared to coarser
resolution models (Cubash et at, 1995). Early experience shows a
much more mixed response. ECHAM3 at T42 improved the
seasonal cycle of surface temperature in seven regions, compared

Anomaly
Forcing
ECHAM/LSG
ECHAM/OPYC
HadCM3
MRIIGFDLI+2C
HadCM2
CLIMAP

Region of
interest
Euro/Global
Euro/Global
Global
Euro/Global
Tropics
Euro/Global
Polar regions

to the driving AOGCM, but overall surface temperature was too
high (by 2 to 5"C). Increasing the resolution to T106 did not
improve winter temperatures and, in summer, the spatial patterns
were better but the regional biases worse (Cubasch et al., 1996).
For precipitation, spatial patterns were improved in summer but
degraded in winter. The summer warming was due to excessive
insulation from reduced cloud cover and overly transparent clear
skies (Wild et al., 1995). Improved physics in ECHAM4 reduced
some of the radiation ersors but the precipitation and temperature
biases remained (Wild et al, 1996; Stendel and Roeckner, 1998). In
simulations of European climate with ARPEGE (D'equie and
Piedelievre, 1995) and HadAM2b/3a (Jones, 1999; Stratton,
1999a), improved flow at higher resolution generally led to better
surface temperatures and precipitation. However, over south"stem Europe, precipitation biases increased in both models, as
did the warm temperature bias in HadAM3a.
The increased summer temperatures in Europe in HadAM3a
were caused by reduced cloud cover at higher resolution (Jones
1999) and warming and drying, in summer, was seen over all extratropical continents (Stratton, 1999b). This clearly demonstrates a
potential drawback of increasing the resolution of a model without
comprehensively retuning the physics. Krinner et at (1997)
showed that, to obtain a reasonable simulation of the surface
climatology of the Antarctic with the LMD variable resolution
AGCM, many modifications to the model physics were required.
The model was then able to simulate surface temperatures to within
2 to 4°C of observations and to provide a good simulation of the ice
mass balance (snow accumulation), with both aspects being better
than at standard resolution.
10.4.1.2 Climate variability and extreme events
Enhanced resolution improves many aspects of the AGCMs' intraseasonal variability of circulation at low and intermediate frequencies (Stendel and Roeckner, 1998). However, in some cases values
underestimated at standard resolution are overestimated at
enhanced resolution (D2que and Piedelievre, 1995; Stratton,
1999a,b). Martin (1999) found little sensitivity to resolution in
either the interannual or inrra-seasonal variability of circulation and
precipitation of the South Asian monsoon in HadAM3a. Extreme
events have not been studied, with the exception of tropical
cyclones. This subject cuts across various sections and chapters
and thus is dealt with in Box 10.2.

DJF mean sea level pressure (hPa)
(a) 100km GCM

(b) ERA

(c) 100km GCM - ERA

(d) 300km GCM - ERA

Figure 10.8: Mean sea level pressure for DJF in: (a) HadAM3a at high resolution (l00 km), (b) EC:MWF reanalysis (ERA), (c) HadAM3a high resolution minus ERA, (d) HadAM3a at
standard resolution (300 km) minus ERA. Adapted from Stratton (1999b).
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Box 10.2: Tropical cyclones in current and future climates
Simulating a climatology of tropical cyclones
Tropical cyclones can have devastating human and economic impacts (e.g., Pielke and Landsea, 1998) and therefore accurate
estimates of future changes in their frequency, intensity and location would be of great value. However, because of their relatively
small extent (in global modelling terms) and intense nature, detailed simulation of tropical cyclones for this purpose is difficult.
Atmospheric GCMs can simulate tropical cyclone-like disturbances which increase in realism at higher resolution though the
intense central core is not resolved (e.g., Bengtsson et at, 1995; McDonald, 1999). Further increases of resolution, by the use of
RCMs, provide greater realism (e.g., Walsh and Watterson, 1997) with a very high resolution regional hurricane prediction model
giving a reasonable simulation of the magnitude and location of maximum surface wind intensities for the north-west Pacific basin
(Knutson et at., 1998). GCMs generally provide realistic simulation of the location and frequency of tropical cyclones (e.g., Tsutsui
and Kasahara, 1996; Yoshimura et at., 1999). See also Chapter 8 for more details on tropical cyclones in GCMs.
Tropical cyclones in a warmer climate
Much effort has gone into obtaining and analysing good statistics on tropical cyclones in the recent past. The main conclusion is
that there is large decadal variability in the frequency and no significant trend during the last century. One study looking at the
century time-scale has shown an increase in the frequency of North Atlantic cyclones from 1851 to 1890 and 1951 to 1990
(Femandez-Partagas and Diaz, 1996). See Chapter 2 for more details on observed tropical cyclones.
Most assessments of changes in tropical cyclone behaviour in a future climate have been derived from GCM or RCM studies
of the climate response to anthropogenically-derived atmospheric forcings (e.g., Bengtsson et at., 1996, 1997; Walsh and Katzfey,
2000). Recently, more focused approaches have been used: nesting a hurricane prediction model in a GCM climate change simulation (Knutson et at, 1998); inserting idealised tropical cyclones into an RCM climate change simulation (Walsh and Ryan, 2000).
In an early use of a high-resolution AGCM, a T106 ECHAM3 experiment simulated a decrease in tropical cyclones in the
Northern Hemisphere and a reduction of 50% in the Southern Hemisphere (Bengtsson et al., 1996, 1997). However, the different
hemispheric responses raised questions about the model's ability to properly represent tropical cyclones and methodological
concerns about the experimental design were raised (Landsea, 1997). In a similar experiment, the JMA model also simulated
fewer tropical cyclone-like vortices in both hemispheres (Yoshimura et a!., 1999). Other GCM studies have shown consistent
basin-dependent changes in tropical cyclone formation under 2xCO2 conditions (Royer et at, 1998; Tsutsui et at, 1999).
Frequencies increased in the north-west Pacific, decreased in the North Atlantic, and changed little in the south-west Pacific. A
high resolution HadAM3a simulation reproduced the latter changes, giving changes in timing in the north-west Pacific and
increases in frequency in the north-east Pacific and the north Indian basin (McDonald, 1999). Some GCM studies show increases
in tropical storm intensity in a wanner climate (Kr75hnamurti et at, 1998) though these results can probably not be extrapolated
to tropical cyclones as the horizontal resolution of these models is insufficient to resolve the cyclone eye. The likely mean
response of tropical Pacific sea surface warming having an El Nino-like structure suggests that the pattern of tropical cyclone
frequency may become more like that observed in El Nino years (see Chapter 9).
An indication of the likely changes in maximum intensity of cyclones will be better provided by models able to simulate
realistic tropical cyclone intensities. A sample of GCM-generated tropical cyclone cases nested in a hurricane prediction model
gave increases in maximum intensity (of wind speed) of 5 to 1 I% in strong cyclones over the north-west Pacific for a 2.2°C SST
warming (Knutson and Tuleya, 1999). The RCM study of idealised tropical cyclones (in the South Pacific) showed a small, but
not statistically significant, increase in maximum intensity (Walsh and Ryan, 2000). These results are supported by the theory of
the maximum potential intensity (MPI) of hurricanes (Emanuel, 1987). A calculation using the MPl framework of Holland (1997)
suggested increases of 10 to 20% for a 2xCO2 climate (Henderson-Sellers et at, 1998). This study also acknowledges physical
omissions that would reduce this estimate though Emanuel (2000) suggests there is a linear relationship betweeen MPI and the
wind speed of real events. Published modelling studies to date neglect the possible feedback of sea surface cooling induced by
the cyclone. However, a recently submitted study using a hurricane model with ocean coupling indicates that the increased
maximum intensity by CO, warming would still occur even when the sea surface cooling feedback is included (Knutson et at,
2000).
The extreme precipitation associated with tropical cyclones can also be very damaging. The very high resolution studies
discussed above suggest that increases in the intensity of tropical cyclones will be accompanied by increases in mean and
maximum precipitation rates. In the cases studied, precipitation in the vicinity of the storm centre increased by 20% whereas peak
rates increased by 30%. Part of these increases may be due to the increased moisture-holding capacity of a warmer atmosphere
but nevertheless point to substantially increasing destructive capacity of tropical cyclones in a warmer climate.
In conclusion, there is some evidence that regional frequeruies of tropical cyclones may change but none that their locations will
change. There is also evidence that the peak intensity may increase by 5% to 10% and precipitation rates may increase by 20% to
30%. There is a need for much more work in this area to provide more robust results.
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10.4.2 Simulations of Climate Change
10.4.2.1 Mean climate
Climate change simulations using ECHAM3 at T42 and T106
resolutions predicted substantially different responses for
southern Europe (Cubash et at, 1996). For example, surface
temperature response of less than +2°C in summer at T42
increased by over 4°C for much of the region at T 106 and winter
precipitation increased more at T106 than at T42. An important
factor in generating the different responses was the substantial
difference in the control simulations. Wild et at (1997) showed a
large positive summer surface temperature bias in the T106
control derived from a positive feedback between excessive
surface insulation and summer dryness. This mechanism
provided a large increase in the insulation, and thus the surface
temperature, in the anomaly experiment. As this process was
handled poorly in the control simulation, little confidence can be
placed in the warming amplification simulated at 7106.
A variable grid AGCM climate change experiment using the
ARPEGE model and sea surface forcing from HadCM2
predicted moderate warnings over Europe, 1.5°C (northern) to
2.5°C (southern) in winter and 1°C to 35°C in summer (D'eque et
at, 1998). In contrast, HadCM2 predicted greater warming and a
larger north-south gradient in winter (Figure 10.9). These differences result mainly from the ARPEGE large-scale flow being too
zonal and too strong over mainland Europe, which enhances the
moderating influence of the SSTs. The precipitation responses
are more similar, especially in summer, when both models
predict a decrease over most of Europe, maximum -30% in the
south. Differences in the control simulations suggest that little
confidence should be placed in this result.

In a similar experiment, HadAM3a at 1.25°x0.83° resolution used observed sea surface forcing and anomalies from a
HadCM3 GHG simulation and produced a response at the largest
scales in the annual mean similar to the AOGCM (Johns, 1999).
However, regionally or seasonally, many differences were
evident in the two models, notably in land sea contrasts, monsoon
precipitation and some circulation features. Over Europe, largescale responses in surface temperature and precipitation were
similar except for a larger winter surface warming in northern
Europe in HadCM3. This was due to a greater melting back of
Arctic sea ice which was too extensive in the HadCM3 control
(Jones, 1999). In a SO-year ECHAM4 T 106 experiment driven by
ECHAM4/OPYC simulations for 1970 to 1999 and 2060 to
2089, the simulations of future climate were more similar to each
other than those for the present day (May, 1999). This implies
that the differences in the control simulations would determine a
proportion of the difference in the responses. In these cases better
control simulations at high resolution increase the confidence in
their responses.
10.4.2.2 Climate variability and extreme events
Due to the limited number and length of simulations and a lack
of comprehensive analyses, this subject has been almost
completely ignored. The only response in variability or
extremes that has received any attention is that of tropical
cyclones (Box 10.2).
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10.4.3 Summary and Recommendations
Since the SAR, several variable and high-resolution GCMs have
been used to provide high-resolution simulations of climate
change. Clearly the technique is still in its infancy with only a few
modelling studies carried out and for only a limited number of
regions. Also, there is little in-depth analysis of the performance
of the models and only preliminary conclusions can be drawn.
Many aspects of the models' dynamics and large-scale flow
are improved at higher resolution, though this is not uniformly so
geographically or across models. Some models also demonstrate
improvements in their surface climatologies at higher resolution.
However, substantial underlying errors are often still present in
high-resolution versions of current AGCMs. In addition, the
direct use of high-resolution versions of current AGCMs, without
some allowance of the dependence of models physical parametrizations on resolution, leads to some deterioration in the
performance of the models.
Regional responses currently appear more sensitive to the
AGCM than the SST forcing used. This result is partially due to
some of the model responses being dependent on their control
simulations and systematic errors within them. These factors and
the small number of studies carried out imply that little
confidence can be attached to any of the regional projections
provided by high and variable resolution AGCM simulations. The
improvements seen with this technique are encouraging, but
more effort should be put in analysing, and possibly improving
the performance of current models at high resolution. This is
particularly important in view of the fact that future AOGCMs
will likely use models approaching the resolution considered here
in the next 5 to 10 years.
105 Regional Climate Models
Since the SAR, much insight has been provided into fundamental
issues concerning the nested regional modelling technique.
Multi-year to multi-decadal simulations must be used for
climate change studies to provide meaningful climate statistics,
to identify significant systematic model errors and climate
changes relative to internal model and observed climate
variability, and to allow the atmospheric model to equilibrate
with the land surface conditions (e.g., Jones et at, 1997;
Machenhauer et at, 1998; Christensen 1999; McGregor et at,
1999; Kato et at, 2001).
The choice of an appropriate domain is not trivial. The
influence of the boundary forcing can reduce as region size
increases (Jones et at, 1995; Jacob and Podzun, 1997) and may
be dominated by the internal model physics for certain variables
and seasons (Noguer et at, 1998). This can lead to the RCM
solution significantly departing from the driving data, which can
make the interpretation of down-scaled regional climate changes
more difficult (Jones et al., 1997). The domain size has to be
large enough so that relevant local forcings and effects of
enhanced resolution are not damped or contaminated by the
application of the boundary conditions (Warner et at, 1997). The
exact location of the lateral boundaries can influence the
sensitivity to internal parameters (Seth and Giorgi, 1998) or may
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Figure 10.9: Winter surface air temperature change (°C) over Europe at the time of CO, doubling in (a) a transient climate change experiment
with the AOGCM HadCM2 and (b) the stretched grid AGCM ARPEGE driven by SSTs and sea-ice from the HadCM2 integration. From
LkquB et al. (1998).
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have no significant impact (Bhaskaran et at, 1996). Finally,
location of boundaries over areas with significant topography
may lead to inconsistencies and noise generation (e.g., Hong and
Juang, 1998).
Surface forcing due to land, ocean and sea ice greatly affects
regional climate simulation (e.g., Giorgi et at, 1996; Seth and
Giorgi, 1998; Wei and Fu, 1998; Christensen, 1999; Pan et at,
1999; Pielke et at, 1999; Rinke and Dethloff, 1999; Chase et at,
2000; Maslanik et al., 2000, Rummukainen et at, 2000). In
Particular, RCM experiments do not start with equilibrium
conditions and therefore the initialisation of surface variables,
such as soil moisture and temperature, is important. For example,
to reach equilibrium it can require a few seasons for the rooting
zone (about I in depth) and years for the deep soils (Christensen,
1999).
The choice of RCM resolution can modulate the effects of
physical fomings and parametrizations (Giorgi and Marinucci,
1996a; faprise et al., 1998). The description of the hydrologic
cycle generally improves with increasing resolution due to the
better topographical representation (Christensen et at, 1998;
Leung and Ghan, 1998). Resolving more of the spectrum of
atmospheric motions at high resolution improves the representation of cyclonic systems and vertical velocities, but can
sometimes worsen aspects of the model climatology
(Machenhauer et at, 1998; Kato et at, 1999). Different resolutions may be required to capture relevant tracings in different
sub-regions, which can be achieved via multiple one way nesting
(Christensen et at, 1998; McGregor et at, 1999), two-way
nesting (Liston er at, 1999) or smoothly varying horizontal grids
(Qian and Giorgi, 1999). Only limited studies of the effects of
changing vertical resolution have been published (Kato et at,
1999).
RCM model physics configurations are derived either fiom a
pre-existing (and well tested) limited area model system with
modifications suitable for climate application (Pielke et at, 1992;
Giorgi et at, 1993b,c; Leung and Ghan, 1995, 1998; Copeland et
at, 1996; Miller and Kim, 1997; Liston and Pielke 2000;
Rummukainen et at, 2000) or are implemented directly from a
GCM (McGregor and Walsh, 1993; Jones et at, 1995; Christensen
et at, 1996; Laprise et al., 1998). In the first approach, each set of
parametrizations is developed and optimised for the respective
model resolutions. However, this makes interpreting differences
between nested model and driving GCM more difficult, as these
will not result only fmm changes in resolution. Also, the different
model physics schemes may result in inconsistencies near the
boundaries (Machenhauer el a1,1998; Rummukainen et at, 2000).
The second approach maximises compatibility between the
models. However, physics schemes developed for coarse resolution
GCMs may not be adequate for the high resolutions used in nested
regional models and may, at least, require imalibmfion (Giorgi and
Marinucci, 1996a; Laprise et at, 1998; see also Section 10.4).
Overall, both strategies have shown performance of similar quality
(e.g., £PCC, 1996), and either one may be preferable (Giorgi and
Meams, 1999). In the context of climate change simulations, if
there is no resolution dependence, the second approach may be
preferable to maximise consistency between RCM and GCM
responses to the radiative forcing.
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Ocean RCMs have been developed during the last
decades for a broad variety of applications. To date, the
specific use of these models, in a context similar to the use of
nested atmospheric RCMs for climate change studies, is very
limited (Kauker, 1998). Although the performance of ocean
RCMs has yet to be assessed, it is known that a very high
resolution, few tens of kilometres or less, is needed for
accurate ocean simulations.
The construction of coupled RCMs is a very recent development. They comprise atmospheric RCMs coupled to other
models of climate system components, such as lake, ocean/sea
ice, chemistry/aerosol, and land biospherelhydrology models
(Hostetler et at, 1994; Lynch et at, 1995, 1997a,b, 1998; Leung
et al., 1996; Bailey er at, 1997; Kim et at, 1998; Qian and Giorgi
1999; Small et at, 1999a,b; Bailey and Lynch, 2000a,b; Mabuchi
et at, 2000; Maslanik et at, 2000; Rummukainen et at, 2000;
Tsvetsinskaya et at, 2000; Weisse at at, 2000). This promises the
development of coupled "regional climate system models".
10.5.1 Simulations of Current Cliinate
Simulations of current climate conditions serve to evaluate the
performance of RCMs. Since the SAR, a vast number of such
simulations have been conducted (McGregor, 1997; Appendices
10.1 to 10.3). These fall into two categories, RCMs driven by
observed (or "perfect") boundary conditions and RCMs driven
by GCM boundary conditions. Observed boundary conditions are
derived from Numerical Weather Prediction (NWP) analyses
(e.g., European Centre for Medium Range Weather Forecast
(ECMWF) reanalysis, Gibson et at 1997; or National Center for
Environmental Prediction (NCEP) reanalysis, Kalnay et at,
1996). Over most regions they give accurate representation of the
large-scale flow and tropospheric temperature structure (Gibson
et a!., 1997), although errors are still present due to poor data
coverage and to observational uncertainty. The analyses may be
used to drive RCM simulations for short periods, for comparison
with individual episodes, or over long periods to allow statistical
evaluation of the model climatology. Comparison with climatologies is the only available evaluation tool for RCMs driven by
GCM fields, with the caveats applied to GCM validation
concerning the influence of sample size and decadal variability
(see Sections 10.2, 10,3, and 10.4). Despite these, relatively short
simulations (several years) can identify major systematic RCM
biases if they yield departures from observations significantly
greater than the observed natural variability (Machenhauer et at,
1996, 1998; Christensen et at, 1997; Jones et al., 1999).
Often a serious problem in RCM evaluation is the lack of
good quality high resolution observed data. In many regions,
observations are extremely sparse or not readily available. In
addition, only little work has been carried out on how to use point
measurements to evaluate the grid-box mean values from a
climate model, especially when using sparse station networks or
stations in complex topographical terrain (e.g., Osborn and
Huhne, 1997). Most of the observational data available at typical
RCM resolution (order of 50 km) is for precipitation and daily
minimum and maximum temperature. While these fields have
been shown to be useful for evaluating model performance, they
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this is the context in which many RCMs are used (e.g., for
climate change experiments). Errors introduced by the GCM
representation of large-scale circulations are transmitted to the
RCM as, for example, clearly shown by Noguer et at (1998).
However, since the SAR, regional biases of seasonal surface air
temperature and precipitation have been reduced and are mostly
within 2°C, and 50 to 60% of observations (with exceptions in all
seasons), respectively (Giorgi and Marinucci, 1996b; Noguer et
at., 1999; Jones et aL,1999 for Europe; Giorgi et a1.,1998 for the
continental USA; McGregor et at, 1998 for Southeast Asia; Kato
et at., 2001 for East Asia). The reduction of biases is due to both
better large-scale boundary condition fields and improved aspects
of internal physics and dynamics in the RCMs.
The regionally averaged biases in the nested RCMs are not
necessarily smaller than those in the driving GCMs. However, all
the experiments mentioned above, along with those of Leung et
at. (1999a,b), Laprise et al. (1998), Christensen et aL (1998) and
10.5.1.1 Mean climate: Simulations using analyses of observations Machenhauer et al. (1998) clearly show that the spatial patterns
produced by the nested RCMs are in better agreement with
Ideally, experiments using analyses of observations to drive the
observations because of the better representation of high-resoluRCMs should precede any attempt to simulate climate change.
tion topographical forcings and improved land/sea contrasts. For
The model behaviour, with realistic forcing, should be as close as
example, in simulations over Europe and central USA, Giorgi
possible to that of the real atmosphere and experiments driven by
and Marinucci (1996a) and Giorgi et at (1998) find correlation
analyses of observations can reveal systematic model biases
coefficients between simulated and observed seasonally averaged
primarily due to the internal model dynamics and physics.
precipitation in the range of t0.53 to +0.87 in a nested RCM and
A list of published RCM simulations driven by analyses of
-0.69 to +0.85 in the corresponding driving GCM.
observations is given in Appendix 10.1. Many of these studies
The role of the high-resolution forcing was clearly
present regional differences (or biases) of seasonally or monthlydemonstrated in the study of Noguer et at. (1998), which showed
averaged surface air temperature and precipitation from observed
that the skill in simulating the mesoscale component of the climate
values. They indicate that current RCMs can reproduce average
signal (Giorgi et at, 1994; Jones et at, 1995) was little sensitive
observations over regions of size 105 to 106 km2 with errors
to the quality of the driving data (Noguer et at, 1998). On the
generally below 2°C and within 5 to 50% of observed precipitation, respectively (Giorgi and Shields, 1999; Small et al., 1999a,b; other hand, interactions between the large-scale driving data and
high resolution RCM forcings can have negative effects. In
van Lipzig, 1999; Pan et at, 2000). Uncertainties in the analysis
simulations over the European region of Machenauer et al. (1998),
fields, used to drive the models, and, in the observed station data
the increased shelter due to the better-resolved mountains in the
sets, should be considered in the interpretation of these biases.
RCMs caused an intensification of the GCM-simulated
Various RCM intetcomparison studies have been carried out
excessively dry and warm summer conditions over south-eastern
to identify different or common model strengths and weaknesses,
over Europe by Christensen et al. (1997), over the USA by Takle Europe.
Horizontal resolution is especially important for the simulaet at ( 1999), and over East Asia by Leung et al. (1999a). For
tion
of
the hydrologic cycle. Christensen et at (1998) showed that
Europe a wide range of performance was reported, with the better
only at a very high resolution do the mountain chains in Norway
models exhibiting a good simulation of surface air temperature
(sub-regional monthly bias in the range f2°C), except over south- and Sweden become sufficiently well resolved to yield a realistic
simulation of the surface hydrology (Figure 10.10). An alternative
eastern Europe during summer. For the USA, a major finding was
strategy is to utilise a sub-grid scale scheme capable of resolving
that the model ability to simulate precipitation episodes varied
complex topographical features (Leung et at, 1999a).
depending on the scale of the relevant dynamical forcing.
Organised synoptic-scale precipitation systems were well
10.5.1.3 Climate variability and extreme events
simulated deterministically, while episodes of mesoscale and
A number of studies have investigated the interannual variability
convective precipitation were represented in a more stochastic
in RCM simulations driven by analyses of observations over
sense, with less degree of agreement with the observed events and
different regions (e.g., Ltithi et at, 1996 for Europe; Giorgi et at,
among models. Over East Asia, a major factor in determining the
1996 and Giorgi and Shields 1999 for the continental USA; Sun
model performance was found to be the simulation of cloud
et
at, 1999 for East Africa; Small et at, 1999a for central Asia;
radiative processes.
Rinke et at, 1999 for the Arctic; van Lipzig, 1999 for Antarctica).
These show that RCMs can reproduce well interannua] anomalies
10.5.1.2 Mean climate: Simulations using GCM boundary
of precipitation and surface air temperature, both in sign and
conditions
magnitude, over sub-regions varying in size from a few hundred
Since the SAR, evaluation of RCMs driven by GCM simulations
kilometres to about 1,000 kni (Figure 10-10.
of current climate has gained much attention (Appendix 10.2), as

are also the end product of a series of complex processes, so that
the evaluation of individual model dynamical and physical
processes is necessarily limited. Additional fields need to be
examined in model evaluation to broaden the perspective on
model perfotmance and to help delineate sources of model error.
Examples are the surface energy and water fluxes.
Despite these problems, the situation is steadily improving in
terms of grid-cell cGmatologies (Daly et al-, 1994; New et at,
1999, 2000; Widman and Brethetton, 2000), with various groups
developing high-resolution regional climatologies (e.g.,
Christensen et al., 1998; Frei and Sch%r, 1998). In addition,
regional programs such as the Global Energy and Water Cycle
Experiment (GEWEX) Continental-Scale International Program
(GCIP) have been designed with the purpose of developing sets of
observation databases at the regional scale for model evaluation
(GCIP, 1998).
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(b)

Figure 10.10: Summer (JJA) runoff for Sweden. (a) calculated with a calibmted hydrological model, using daily meteorological station
observations and stream gauging stations (Raab and Vedin, 1995); (b) GCM simulation; (c) 55 km RCM simulation; (d) 18 km resolution
RCM. Units are
mm (from Christensen el a!, 1998).
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Figure 10.11: Examples of seasonal precipitation anomalies simulated with RCMs driven by analyses of observations over different regions. In all
cases the anomalies are calculated as the difference between the precipitation of an individual season and the average for the seasonal value for the
entire simulation. (a) (top) Northwestern USA (NW), and (bottom) Upper Mississippi Basin (UMB) for a three year simulation (1993 to 1996)
over the continental USA. The three pairs of observed (hollow bars) and simulated (solid bars) anomalies for each season are grouped in sequential order from 1993 to 1996. Units are percentage of the three-year seasonal average (from Giorgi and Shields, 1999, Figure 9). (6) Precipitation
anomalies for twelve short-rains periods over Tanzania for the October-December season: (top) model simulation, and (bottom) observations.
Units are mm. (From Sun et at, 1999).

At the intra-seasonal scale, the timing and positioning of
regional climatological features such as the East Asia rain belt
and the Baiu front can be reproduced with a high degree of
realism with an RCM (Fu et at, 1998). A good simulation of the
intra-seasonal evolution of precipitation during the short rain
season of East Africa has also been documented (Sun et of,
1999). However, at shorter time-scales, Dai et at (1999) found
that, despite a good simulation of average precipitation, significant problems were exhibited by an RCM simulation of the
observed diumal cycle of precipitation over different regions of
the USA.
Only a few examples are available of analysis of variability
in RCMs driven by GCMs. At the intra-seasonal scale, Bhaskamn

er at (1998) showed that the leading mode of sub-seasonal
variability of the South Asia monsoon, a 30 to 50 day oscillation
of circulation and precipitation anomalies, was more realistically
captured by an RCM than the driving GCM. Hassell and Jones
(1999) then showed that a nested RCM captured observed precipitation anomalies in the active break phases of the South Asia
monsoon (5 to 10 periods of anomalous circulations and precipitation) that were absent from the driving GCM (Figure t0.12).
At the daily time-scale, some studies have shown that nested
RCMs tend to simulate too many light precipitation events
compared with station data (Christensen et a!. 1998; Kato et at,
2001). However, RCMs produce more realistic statistics of heavy
precipitation events than the driving GCMs, sometimes capturing
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Figure 10.12: Relative characteristics of break and active precipitation composites of the Indian monsoon as simulated by (a) GCM and (b) RCM.
Each field is the difference in the break and active composite precipitation as a percentage of the full mean. Overlaid are the 850 hPa wind
and >+5091,
anomalies ( break composite minus active composite, units ms l). Regions marked where observed ratios are <-50% (central India)
(Tami] Nadu and northtastern India) according to Hamilton (1977). From Hassel and Jones (1999).

extreme events entirely absent in the GCMs (Christensen et at,
1998; Jones, 1999). Part of this is due to the inherent disaggregation of grid-box mean values resulting from the RCM's higher
horizontal resolution. However, in one study, even when
aggregated to the GCM grid scale, the RCM was closer to
observations than the driving GCM (Durman et al., 2001).
10.5.2 Simulations of Climate Change
Since the SAR, several multi-year RCM simulations of anthropogenic climate change, either from equilibrium experiments or
for time slices of transient simulations, have become available
(Appendix 10.3)10.5.2.1 Mean climate
An important issue when analysing RCM simulations of climate
change is the significance of the mddelled responses. To date
RCM simulations have been mostly aimed at evaluating models
and processes rather than producing projections and, as such,
they have been relatively short (10 years or less). At short timescales, natural climate variability may mask all but the largest
responses. For example, in an analysis of 10-year RCM simulations over Europe, Machenhauer et at (1998) concluded that
generally only the full area averaged seasonal mean surface
temperature responses were statistically significant, and in only a
few cases were sub-domain deviations from the mean response

significant. The changes in precipitation were highly variable in
space, and, in each season, they were only significant in those
few sub-areas having the largest changes. Similar results were
documented by Pan et at (2000) and Kato et at (2001) for the
USA and East Asia, respectively. Hence, 30-year samples may be
required to confidently assess the mesoscale response of a RCM
(Jones et at, 1997). Partly to improve signal to noise definition,
a transient RCM simulation of 140 years duration was recently
conducted (Hennessy et al., 1998; McGregor et at, 1999).

Despite the limitations in simulation length, most RCM
experiments clearly indicate that, while the large-scale patterns of
surface climate change in the nested and driving models are
similar, the mesoscale details of the simulated changes can be
quite different. For example, significantly different patterns of
temperature and rainfall changes were found in a regional climate
change simulation for Australia (Whetton et at, 2001). This was
most clearly seen in mountainous areas (Figure 10.13). Winter
rainfall in southern Victoria increased in the RCM simulation, but
decreased in the driving GCM. High resolution topographical
modification of the regional precipitation change signal in nested
RCM simulations has been documented in other studies (Jones et
at, 1997; Giorgi et aL, 1998; Machenhauer et at, 1998; Kato et
at, 2W1).
The response in an RCM can also be modified by changes in
regional feedbacks. In a 20 year nested climate change experiment for the Indian monsoon region, Hassell and Jones (1999)
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(a) GCM

(b) RCM
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Figure 10.13: Percentage change in mean seasonal rainfall under 2XC02 conditions as simulated by a GCM (a) and a RCM (b) for a region
around Victoria, Australia. Areas of change statistically significant at the 5% confidence level are shaded. Whetton er at (2001).
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Figure 10.14: Simulated surface air temperature anomaly (°C) for JJA, Indian monsoon region. GHG (2040 to 2060) minus control 20 year
average for (a) GCM and (b) RCM. From Hassel and Jones (1999).

showed that a maximum anomaly of 5°C seen in central northern
India in the GCM simulation was reduced and moved to the
north-west in the nested RCM, with a secondary maximum
appearing to the south-east (Figure 10.14). The shift of the main

land-use change has been little explored within the context of the
global change debate and, because of its potential importance, is
in need of further examination.

maximum was attributed to deficiencies in the GCM control

10.5.2.2 Climate variability and extreme events

climate that promoted excessive drying of the soil in North-west

Changes in climate variability between control and 2xCO2

India. The secondary maximum was attributed to a complex
response involving the RCM's better representation of the flow

simulations with a nested RCM for the Great Plains of the USA
have been reported (Meams, 1999; Mearns et al., 1999). There is

patterns in southern India resulting from an improved representa-

indication of significant decreases in daily temperature variability

tion of the Western Ghats mountains. In this instance, it was
argued that the improved realism of the RCM's control simula-

in winter and increases in temperature variability in summer.
These changes are very similar to those of the driving GCM, while

tion increases confidence in its response.

changes in variability of precipitation are quite different in the

The high resolution representation of mountainous areas in
an RCM has made it possible to show that the simulated surface

nested and driving models, particularly in summer, with increases
being more pronounced in the RCM. Similar results have been

air temperature change signal due to 2XCOz concentration could
have a marked elevation dependency, resulting in more

documented over the Iberian Peninsula (Gallardo et at, 1999).

pronounced warming at high elevations than low elevations as
shown in Figure 10.15 (Giorgi et al., 1997). This is primarily
caused by a depletion of the snow pack in enhanced GHG
conditions and the associated snow albedo feedback mechanism,
and it is consistent with observed temperature trends for
anomalous warm winters over the alpine region. A similar
elevation modulation of the climate change signal has been
confirmed in later studies utilising both RCMs and GCMs (e.g.,
Leung and Ghan, 1999b; Fyfe and Flato, 1999).

The impact of land-use changes on regional climate has been
addressed in RCM simulations (e.g., Wei and Fu, 1998; Pan et al.,
1999; Pielke et at, 1999; Chase et al., 2000). Land-use changes
due to human activities could induce climate modifications, at the
regional and local scale, of magnitude similar to the observed
climatic changes during the last century (Pielke et of, 1999;
Chase et al., 2000). The issue of regional climate modification by

Different studies have analysed changes in the frequency of
heavy precipitation events in enhanced GHG climate conditions
over the European region (Schtir et at, 1996; Frei et at, 1998;
Duman et al., 2001). They all indicate an increase of up to
several tens of percentage points in the frequency of occurrence
of precipitation events exceeding 30 mm/day, with these
increases being less than those simulated by the driving GCMs
(see also Jones et at, 1997). In a transient RCM simulation for
1961 to 2100 over south-eastem Australia, substantial increases
were found in the frequency of extreme daily rainfall and days
of extreme high maximum temperature (Hennessy et al., 1998),
In this long simulation, changes in the frequency of longduration extreme events (such as droughts) were identified.
Finally, increases in the number of typhoons reaching mainland
China and in the number of heavy rain days were reported for
enhanced GHG conditions in RCM simulations over Fast Asia
(Gao et aL, 2001).
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Figure 10.15: Difference between 2XC02 and control ran surface air
temperature as a function of elevation over the Alpine sub-tegion for
the four seasons. Units are 'C. From Giorgi et at (1997).

10.5.3 Summary and Recommendations
Since the SAR, significant improvements have been achieved in
the areas of development and understanding of the nested
regional climate modelling technique. These include many new
RCM systems, multiple nesting, coupling with different
components of the climate system and research into the effects of
domain size, resolution, boundary forcing and internal model
variability. As a result, a number of RCM systems are currently
available with the capability of high-resolution, multi-decadal
simulations in a variety of regional settings. Nested RCMs have
shown marked improvements in their ability to reproduce present
day average climate, with some of this improvement due to better
quality driving fields provided by GCMs. Seasonal temperature
and precipitation biases in state-of-the-art RCMs are generally
less than I to 2°C and a few percent to 50 to 60 % of observed
precipitation, respectively, over regions of size His to 106 km'.
However, it is imperative for the effective use of RCMs in climate
change work that the quality of GCM large-scale driving fields
continues to improve. Research aiming at reducing systematic
errors in both GCMs and RCMs should be carried out. With
significantly improved model systems the evidence, so far,
indicates that improved regional climate change simulations can
be produced in the near future.
The analysis of RCM simulations has extended beyond
simple averages to include higher-order climate statistics, and has
indicated that RCMs can effectively reproduce interannual
variability when driven by good quality foxing fields. However,
more anlysis and improvements are needed of the model

performance in simulating climate variability at short time-scales
(daily to sub-daily).
A serious problem concerning RCM evaluation is a general
lack of good quality high-resolution observed data. In many
areas, observations are extremely sparse due to complex
geography or remoteness of settings. In addition, only a little
work has been carried out on how to use point measurements to
evaluate the grid-box mean values from a climate model,
especially when using sparse station networks. This limits the
ability to assess model skill in complex terrain and remote
regions. It is essential for the advancement of regional climate
understanding and modelling, that more research aiming at
improving the quality of data for model evaluation is perfotmed.
Overall, the evidence is strong that regional models consistently improve the spatial detail of simulated climate compared
to GCMs because of their better representation of sub-GCM grid
scale forcings, especially in regard to the surface hydrologic
budget. This is not necessarily the case for region-averaged
climate. The increased resolution of RCMs also allows the
simulation of a broader spectrum of weather events, in particular
concerning higher order climate statistics such as daily precipitation intensity distributions. Analysis of some RCM experiments indicate that this is in the direction of increased agreement
with observations.
Several RCM studies have been important for
understanding climate change processes, such as the elevation
signature of the climate change signal or the effect of climate
change at the river catchment level. However, a consistent set of
RCM simulations of climate change for different regions which
can be used as climate change scenarios for impact work is still
not available. Most RCM climate change simulations have been
sensitivity and process studies aimed at specific goals. The need
is there to co-ordinate RCM simulation efforts and to extend
studies to more regions so that ensemble simulations with
different models and scenarios can be developed to provide
useful information for impact assessments. This will need to be
achieved under the auspices of international or large national
programmes. Within this context, an important issue is to
provide RCM simulations of increasing length to minimise
limitations due to sampling problems.
10.6 Empirical/Statistical and Statistical/Dynamical Methods
10.6.1 Introduction
As with the dynamical downscaling of RCMs, the methods
described in this section rely on the concept that regional
climates are largely a function of the large-scale atmospheric
state. In empirical downscaling the cross-scale relationship is
expressed as a stochastic and/or deterministic function between
a set of large-scale atmospheric variables (predictors) and
IocaVregional climate variables (predictands). Predictor and
predictand can be the same variables on different spatial scales
(e.g., Burger, 1997; Wilks, 1999b; Widmann and Bretherton,
2010), but more commonly are different.
When using downscaling for assessing regional climate
change, three implicit assumptions are made:
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• The predictors are variables of relevance to the local climate
variable being derived, and are realistically modelled by the
GCM. Tropospheric quantities such as temperature or
geopotential height are more skilfully represented than
derived variables such as precipitation at the regional or grid
scale (e.g., Osborn and Hulme, 1997; Trigo and Palutikof,
1999). Furthermore, there is no theoretical level of spatial
aggregation at which GCMs can be considered skilful,
though there is evidence that this is several gnd lengths
(Widmann and Bretherton, 2000).
• The transfer function is valid under altered climatic
conditions (see Section 10.6.2.2). This cannot be proven in
advance, as it would require the observational record to span
all possible future realisations of the predictors. However, it
could be evaluated with nested AOGCM/RCM simulations
of present and future climate, using the simulation of present
climate to determine the downscaling function and testing
the function against the future time slice.
• The predictors fully represent the climate change signal.
Most downscaling approaches to date have relied entirely on
circulation-based predictors and, therefore, can only capture
this component of the climate change. More recently other
important predictors, e.g., atmospheric humidity, have been
considered (e.g., Charles et at, 1999b; Hewitson, 1999).
A diverse range of downscaling methods has been developed,
but, in principle, these models are based on three techniques:
• Weather generators, which are random number generators of
realistic looking sequences of local climate variables, and
may be conditioned upon the large-scale atmospheric state
(Section 10.6.2.1);
• Transfer functions, where a direct quantitative relationship is
derived through, for example, regression (Section 10.6.2.2);
• Weather typing schemes based on the more traditional
synoptic climatology concept (including analogues and phase
space partitioning) and which relate a particular atmospheric
state to a set of local climate variables (Section 10.6.2.3).
Each of these approaches has relative strengths and
weaknesses in representing the range of temporal variance of
the local climate predictand. Consequently, the above
approaches are often used in conjunction with one another in
order to compensate for the relative deficiencies in one
method.
Most downscaling applications have dealt with temperature and precipitation. However, a diverse array of studies
exists in which other variables have been investigated.
Appendix 10.4 provides a non-exhaustive list of past studies
indicating predictands, geographical domain, and technique
category. In light of the diversity in the literature, we concentrate on references to applications since 1995 and based on
recent global climate change projections.

10.6.2 Methodological Options
10.6.2.1 Weather generators
Weather generators are statistical models of observed sequences
of weather variables (Wilks and Wilby, 1999). Most of them
focus on the daily time-scale, as required by many impact
models, but sub-daily models are also available (e.g., Katz and
Parlange, 1995). Various types of daily weather generators are
available, based on the approach to modelling daily precipitation
occurrence, and usually these rely on stochastic processes. Two
of the more common are the Markov chain approach (e.g.,
Richardson, 1981; Hughes et at, 1993, Lettenmaier, 1995;
Hughes et at, 1999; Bellone et at, 2000) and the spell length
approach (Roldan and Woolhiser, 1982; Racksko et at, 1991;
Wilks, 1999a). The adequacy of the stochastic models analysed
in these studies varied with the climate characteristics of the
locations. For example, Wilks (1999a) found the first-order
Markov model to be adequate for the central and eastern USA,
but that spell length models performed better in the western USA.
An alternative approach would include stochastic mechanisms of
storm arrivals able to produce the clustering found in observed
sequences (e.g., Smith and Karr, 1985; Foufoula-Georgiou and
Lettenmeier, 1986; Gupta and Waymrie, 1991; Cowpertwait and
O'Connel, 1997; O'Connell, 1999).
In addition to statistical models of precipitation frequency
and intensity, weather generators usually produce time-series of
other variables, most commonly maximum and minimum
temperature, and solar radiation. Others also include additional
variables such as relative humidity and wind speed (Wallis and
Griffiths, 1997; Parlange and Katz, 2000.) The most common
means of including variables other than precipitation is to
condition them on the occurrence of precipitation (Richardson,
1981), most often via a multiple variable first-order autoregressive process (Perica and Foufoula-Georgiou, 1996a,b; Wilks,
1999b). The parameters of the weather generator can be
conditioned upon a large-scale state (see Katz and Parlange,
1996; Wilby. 1998; Charles et at, 1999a), or relationships
between large-scale parameter sets and local-scale parameters
can be developed (Wilks, 1999b).
10.6.2.2 Transfer functions
The more common transfer functions are derived from regression-like techniques or piecewise linear or non-linear interpolations. The simplest approach is to build multiple regression
models with free atmosphere grid-cell values as predictors for
surface variables such as local temperatures (e.g., Sailor and Li,
1999). Other regression models have used fields of spatially
distributed variables (e.g., D. Chen et at, 1999), principal
components of geopotential height fields (e.g., Hewitson and
Crane, 1992), Canonical Correlation Analysis (CCA) and a
variant termed redundancy analysis (WASA, 1998) and Singular
Value Decomposition (e.g., von Storch and Zwiers, 1999).
Most applications have dealt with monthly or seasonal
rainfall (e.g., Busuioc and von Storch, 1996; Dehn and Boma,
1999); local pressure tendencies (a proxy for local storminess;
Kaas et at, 1996); climate impact variables such as salinity and
oxygen (Heyen and Dippner, 1998; Zorita and Lame, 1999); sea
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level (e.g., Cui et at, 1996); and ecological variables such as
abundance of species (e.g., Kroncke et al., 1998). In addition
statistics of extreme events such as storm surge levels (e.g., von
Storch and Reichardt, 1997) and ocean wave heights (WASA,
1998) have been simulated.
An alternative to linear regression is piecewise linear or nonlinear interpolation (Brandsma and Buishand, 1997; Buishand
and Brandsma, 1999), for example, the "kriging" tools from
geostatistics (Biau et at, 1999). One application of this approach
is a non-linear model of snow cover duration in Austria derived
from European mean temperature and altitude (Hantel et al.,
1999). An alternative approach is based on Artificial Neural
Networks (ANNs) that allow the fit of a more general class of
statistical model (Hewitson and Crane, 1996; Trigo and Palutikof,
1999). For example, Crane and Hewitson (1998) apply ANN
downscaling to GCM data in a climate change application over
the west coast of the USA using atmospheric circulation and
humidity as predictors to represent the climate change signal. The
approach was shown to accurately capture the local climate as a
function of atmospheric forcing. In application to GCM data, the
regional results revealed significant differences from the colocated GCM grid cell, e.g., a significant summer increase in
precipitation in the downscaled data (Figure 10.16).
10.6.2.3 Weather typing
This synoptic downscaling approach relates "weather classes" to
local and regional climate variations. The weather classes may be
defined synoptically or fitted specifically for downscaling purposes
by constructing indices of airflow (Conway et aL, 1996). The
frequency distributions of local or regional climate are then derived
by weighting the local climate states with the relative frequencies
of the weather classes. Climate change is then estimated by

determining the change of the frequency of weather classes.
However, typing procedures contain a potentially critical weakness
in assuming that the characteristics of the weather classes do not
change.
In many cases, the local and regional climate states are derived
by sampling the observational record. For example, Wanner et al.
(1997) and Widmann and Schar (1997) used changing global to
continental scale synoptic structures to understand and reconstruct
Alpine climate variations. The technique was applied similarly for
New Zealand (Kidson and Watterson, 1995) and to a study of
changing air pollution mechanisms (]ones and Davies, 2000).
An extreme form of weather typing is the analogue method
(Zorita et at, 1995). A similar concept, although mathematically
more demanding, is Classification And Tree Analysis (CART)
which uses a randomised design for picking regional distributions
(Hughes et at, 1993; Lettenmaier, 1995). Both analogue and
CART approaches return approximately the right level of variance
and correct spatial correlation structures.
Weather typing is also used in statistical-dynamical
downscaling (SDD), a hybrid approach with dynamical elements
(Frey-Buness et at, 1995 and see references in Appendix 10.4).
GCM results of a multi-year climate period are disaggregated into
non-overlapping multi-day episodes cfqaasi-statlonary large-scale
flow patterns. Similar episodes are then grouped in classes of
different weather types, and, members of these classes are
simulated with an RCM. The RCM results are statistically
evaluated, and the frequency of occurrence of the respective classes
determines their statistical weight. An advantage of the SDD
technique over other empirical downscaling techniques is that it
specifies a complete three-dimensional climate state. The
advantage over continuous RCM simulations is the reduction in
computing time, as demonstrated in Figure 10.17.
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Figure 10.16: Climate change scenario of monthly mean precipitation
(mm) over the Susquehanna river basin, USA. Monthly means derived
using daily down-sealed precipitation generated with an Artificial
Neural Network (ANN) and atmospheric predictors from IxCOi and
2xCO2 GCM simulations. Also shown are the GCM grid cell peecipitation values from the co-located grid cell. From Crane and Hewitson

Figure 10.17: Similarity of time mean precipitation distributions
obtained in a continuous RCM simulation and through statisticaldynamical downscaling (SOD) for different levels of disaggregation.
Black line: mean absolute error (min/day), grey line: spatial correlation
coefficient. Horizontal axis: computational load of SDI). N is the
number of days simulated in SDD, N the number of days simulated

(1998).

with the continuous RCM simulation.

Regional Climate Information - Evaluation and Projections

10.6.3 Issues in Statistical Downscaling
10.6.3.1 Temporal variance
Transfer function approaches and some weather typing methods
suffer from an under prediction of temporal variability, as this is
related only in part to the large-scale climate variations (see Katz
and Parlange, 1996). Two approaches have been used to restore
the level of variability: inflation and randomisation. In the
inflation approach the variation is increased by the multiplication
of a suitable factor (Karl et at, 1990). A more sophisticated
version is "expanded downscaling", a variant of Canonical
Correlation Analysis that ensures the right level of variability
(Burger, 1996; Huth, 1999; Dehn et at, 2000). In the randomisation approachs, the unrepresented variability is added as noise,
possibly conditioned on synoptic state (Buma and Dehn, 1998;
Dehn and Buma 1999; Hewitson, 1999; von Storch, 1999b).
Often weather generators have difficulty in representing low
frequency variance, and conditioning the generator parameters
on the large-scale state may alleviate this problem (see Katz and
Parlange, 1996; Wilby, 1998; Charles et at, 1999a). For
example, Katz and Parlange (1993, 1996) modelled daily timeseries of precipitation as a chain-dependent process, conditioned
on a discrete circulation index. The results demonstrated that the
mean and standard deviation of intensity and the probability of
precipitation varied significantly with the circulation, and
reproduced the precipitation variance statistics of the observations better than the unconditioned model. The method describes
the mean precipitation as a linear function of the circulation
state, and the standard deviation as a non linear function (Figure
10.18).
10.6.3.2 Evaluation
The evaluation of downscaling techniques is essential but
problematic. It requires that the validity of the downscaling
functions under future climates be demonstrated, and that the
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Figure 10.18: Hypothetical changes in mean and standard deviation of
January total precipitation at Chico, Califomia, as a function of
changing probability that January mean sea level pressure is above
normal.
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predictors represent the climate change signal. It is hot possible
to achieve this rigorously as the empirical knowledge available is
insufficient. The analysis of historical developments, e.g., by
comparing downscaling models between recent and historical
periods (Jacobeit et at. 1998), as well as simulations with GCMs
can provide support for these assumptions. However, the success
of a statistical downscaling technique for representing present
day conditions does not necessarily imply that it would give
skilful results under changed climate conditions, and may need
independent confirmation from climate model simulations
(Charles et at, 1999b).
The classical validation approach is to specify the
downscaling technique from a segment of available observational evidence and then assess the performance of the
empirical model by comparing its predictions with independent
observed values. This approach is particularly valuable when
the observational record is long and documents significant
changes (greater than 50 years in some cases; Hanssen-Bauer
and Fprland (1998, 2000)). An example is the analysis of
absolute pressure tendencies in the North Atlantic (Kass et al.,
1996). As another example, Wilks (1999b) developed a
downscaling function on dry years and found it functioned well
in wet years.
An alternative approach is to use a series of comparisons
between models and transfer functions (e.g., GonzSlez-Rouco
et at, 1999, 2000). For instance, empirically derived links were
shown to be incorporated in a GCM (Busuioc et at, 1999) and
a RCM (Charles et at, 1999b). Then a climatic change due to
doubling of CO2 was estimated through the empirical link and
compared with the result of the dynamical models. In both
cases, the dynamical response was found consistent for the
winter season, indicating the validity of the empirical approach,
although less robust results were noted in the other seasons.
10.6.3.3 Choice of predictors
There is little systematic work explicitly evaluating the relative
skill of different atmospheric predictors (Winkler et at, 1997).
This is despite the availability of disparate studies that evaluate
a broad range of predictors, predictands and techniques (see
Appendix 10.4). Useful summaries of downscaling techniques
and the predictors used are also presented in Rummukainen
(1997), Wilby (1998), and Wilby and Wigley (2000).
The choice of the predictor variables is of utmost
importance. For example, Hewitson and Crane (1996) and
Hewitson (1999) have demonstrated how the down-scaled
projection of future change in mean precipitation and extreme
events may alter significantly depending on whether or not
humidity is included as a predictor. The downscaled results can
also depend on whether absolute or relative humidity is used as
a predictor (Charles et al., 1999b). The implication here is that
while a predictor may or may not appear as the most significant when developing the downscaling function under present
climates, the changes in that predictor under a future climate
may be critical for determining the climate change. Some
estimation procedures, for example stepwise regression, are
not able to recognise this and exclude variables that may be
vital for climate change.
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A similar issue exists with respect to downscaling temperature. Werner and von Starch (1993), Hanssen-Bauer and FOrland
(2000) and Miems (1999) noted that low-frequency changes in
local temperature during the 20th century could only partly be
related to changes in circulation. Schubert (1998) makes a vital
point in noting that changes of local temperature under doubled
atmospheric CO2 may be dominated by changes in the radiative
properties of the atmosphere rather than circulation changes.
These can be accounted for by incorporating the large-scale
temperature field from the GCM as a surrogate indicator of the
changed radiative properties of the atmosphere (Dehn and Buma,
1999) or by using several large-scale predictors, such as gridded
temperature and circulation fields (e.g., Gyalistras et at, 1998;
Huth, 1999).
With the recent availability of global reanalyses (Kalnay et
at, 1996; Gibson et al., 1997), the number of candidate predictor
fields has been greatly enhanced (Solman and Nu-nez, 1999).
Prior to this the empirical evidence about the co-variability of
regionaUlocal predictands and large-scale predictors was limited
mostly to gridded near surface temperature and/or air pressure.
These "new" data sets allow significant improvements in the
design of empirical downscaling techniques, in particular by
incorporating knowledge about detailed meteorological
processes. Taking advantage of these new data sets have allowed
systematic evaluation of a broad range of possible predictors for
daily precipitation. It has been found that indicators of midtropospheric circulation and humidity to be the most critical
predictors, with surface flow and humidity information being
important under orographic rainfall.
70.6.4Intercomparison of Statistical Downsca6ng
Methodologies
An increasing number of studies comparing different downscaling
studies have emerged since the SAR. However, there is a paucity
of systematic studies that use common data sets applied to
different procedures and over the same geographic region. A
number of articles discussing different empirical and dynamical
downscaling approaches present summaries of the relative merits
and shortcomings of different procedures (Giorgi and Mearns,
1991; Hewitson and Crane, 1996; Rummukainen, 1997; Wilby
and Wigley, 1997; Gyahstms et at, 1998; Kidson and Thompson,
1998; Biau et at, 1999; Murphy, 1999; ; von Storeh, 1999b; Zorita
and von Storch, 1999; Murphy, 2000). However, these intercomparisons vary widely with respect to predictors, predictands
and measures of skill. Consequently, a systematic, internationally
co-ordinated inter-comparison project would be particularly
helpful in addressing this issue.
The most systematic and comprehensive study so far
compared empirical transfer functions, weather generators, and
circulation classification schemes over the same geographical
region using climate change simulations and observational data
(Wilby and Wigley, 1997; Wilby, 1998). This considered a
demanding task to downscale daily precipitation for six locations
over North America, spanning and, moist tropical, maritime, midlatitude, and continental climate regimes. Fourteen measures of
skill were used, strongly emphasising daily statistics, and included
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wet and dry spell length, 95th percentile values, wet-wet day
probabilities, and several measures of standard deviation.
Downscaling procedures in the study included two different
weather generators, two variants of an ANN-based technique, and
two stochastic/circulation classification schemes based on
vorticity classes.
The results require careful evaluation as they indicate relative
merits and shortcoming of the different procedures rather than
recommending one over another. Overall, the weather generators
captured the wet-day occurrence and the amount distributions in
the data well, but were less successful at capturing the interannual
variability, while the opposite results was found for the ANN
procedures. The stochastic/circulation typing schemes, as
something of a combination of the principles underlying the other
methods, were a better all-round performer.
A factor not yet fully evaluated in any comparative study is
that of the temporal evolution of daily events which may be
critical for some applications, e.g., hydrological modelling. While
a downscaling procedure may correctly represent, for example,
the number of min days, the temporal sequencing of these may be
as important. Zorita et al. ( 1995) and Zorita and von Storch (1997)
compared a CART technique, a CCA and an ANN technique with
the analogue technique, and found the simpler analogue technique
performed as well as the more complicated methods.
A number of analyses have dealt with the relative merits of
non-linear and linear approaches. For example, the relationships
between daily precipitation and circulation indicators are often
non-linear (Conway et at, 1996; Brandsma and Buishand, 1997).
Similarly, Cone-Real et al. (1995) applied multivariate adaptive
regression splines (MARS) to approximate the non-linear
relationships between large-scale circulation and monthly mean
precipitation. In a comparison of kriging and analogues, Biau et
at (1999) and von Starch ( 1999c) show that kriging resulted in
better specifications of averaged quantities but too low variance,
whereas analogues returned the right variance but lower correlation. In general, it appears that downscaling of the short-term
climate variance benefits from the use of non-linear models.
Most of the comparative studies mentioned above come to
the conclusion that techniques differ in their success of specifying
regional climate, and the relative merits and shortcomings emerge
differently in different studies and regions. This is not surprising,
as there is considerable flexibility in setting up a downscaling
procedure, and the suitability of a technique and the adaptation to
the problem at hand varies. This flexibility is a distinct advantage
of empirical methods.
10.6.5 Summary and Recommendations
A broad range of statistical downscaling techniques has been
developed in the past few years. Users of GCM-based climate
information may choose from a large variety of methods
conditional upon their needs. Weather generators provide realistic
sequences of high temporal resolution events. With transfer
functions, statistics of regional and local climate, such as
conditional means or quantiles, may consistently be derived from
GCM generated data. Techniques based on weather typing serve
both purposes, but are less adapted to specific applications.
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Downscaling means post-processing GCM data; it cannot
account for insufficiencies in the driving GCM. As statistical
techniques combine the existing empirical knowledge, statistical
downscaling can describe only those links that have been observed
in the past. Thus, it is based on the assumption that presently found
links will prevail under different climate conditions. It may be, in
particular, that under present conditions some predictors appear
less relevant, but become significant in describing climate change.
It is recommended to test statistical downscaling methods by
comparing their estimates with high resolution dynamical model
simulations. The advent of decades-long atmospheric reanalyses
has offered the community many more atmospheric large-scale
variables to incorporate as predictors.
Statistical downscaling requires the availability of long and
homogeneous data series spanning the range of observed
variance, while the computational resources needed are small.
Therefore, statistical downscaling techniques are suitable toots
for scientific communities without access to supercomputers and
with little experience in process-based climate modelling.
Furthermore, statistical techniques may relate directly GCMderived data to impact relevant variables, such as ecological
variables or ocean wave heights, which are not simulated by
contemporary climate models.
It is concluded that statistical downscaling techniques are a
viable complement to process-based dynamical modelling in
many cases, and will remain so in the future.
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been fitted independently to observational data. The downscaling
reproduced observed precipitation probabilities and wet and dry
spell frequencies while the DARLAM simulation underestimated the frequency of dry spells and over estimated the
probability of precipitation and the frequency of wet spells- In a
climate change follow-on experiment, again using both methods,
Charles et al. (I 999b) found a small decrease in probability of
precipitation under future climate conditions.
Murphy (1999) evaluated the UK Meteorological Office
Unified Model (UM) RCM over Europe against a statistical
downscaling model based on regression. Monthly mean surface
temperature and precipitation anomalies were down-scaled using
predictor sets chosen from a range of candidate variables similar
to those used by Kidson and Thompson (1998) (EOFs of
atmospheric fields). The results showed similar levels of skill for
the dynamical and statistical methods, in line with the Kidson and
Thompson (1998) study. The statistical method was nominally
better for summertime estimates of temperature, while the
dynamical model gave better estimates of wintertime precipitalion. Again, the conclusion was drawn that the sophistication of
the dynamical model shows little advantage over statistical
techniques, at least for present day climates.
Murphy (2000) continued the comparative study by deriving
climate change projections for 2080 to 2100 from a simulation
with the HadCM2 AOGCM. The dynamical and statistical
downscaling techniques were the same regional and statistical
models as used by Murphy (1999). The statistical and dynamical

10.7 Intercomparison of Methods
Few formal comparative studies of different regionalisation
techniques have been carried out. To date, published work has
mostly focused on the comparison between RCMs and statistical
downsealing techniques. Early applications of RCMs for climate
change simulations (Giorgi and Meams, 1991; Giorgi et at,
1994) compared the models against observations or against the
driving GCMs, but not against statistical/empirical techniques.
Kidson and Thompson (1998) compared the RAMS
(Regional Atmospheric Modelling System) dynamical model and
a statistical regression-based technique. Both approaches were
applied to downscale reanalysis data (ECMWF) over New
Zealand to a grid resolution of 50 km. The statistical downscaling
used a screening regression technique to predict local minimum
and maximum temperature and daily precipitation, at both
monthly and daily time-scales. The regression technique limits
each regression equation to five predictors (selected from
Empirical Orthogonal Functions (EOFs) of atmospheric fields).
Both monthly and daily results indicated little difference in skill
between the two techniques, and Kidson and Thompson (1998)
suggested that, subject to the assumption of statistical relationships remaining viable under a future climate, the computational
requirements do not favour the use of the dynamical model. They
also noted, however, that the dynamical model performed better
with the convective components of precipitation.
Bates et at (1998) compared a south-western Australia
simulation using the DARLAM (CSIRO Division of
Atmospheric Research Limited Area Model) model with a downscaled DARLAM simulation where the downscaling model had

techniques produced significantly different predictions of climate
change, despite exhibiting similar skill when validated against
present day observations. The study identifies two main sources of
divergence between the dynamical and statistical techniques:
firstly, differences between the strength of the observed and
simulated predictor/predictand relationships, and secondly,
omission from the regression equations of variables which
represent climate change feedbacks, but are weak predictors of
natural variability. In particular, the exclusion of specific humidity
led to differences between the dynamical and statistical simulations
of precipitation change. This point would seem to confirm the
humidity issue raised in Section 10.6.3 (Hewitson and Crane 1996,
Crane and Hewitson, 1998, Charles et at, 1999b; Hewitson 1999).

Meatus et at (1999) compared RCM simulations and statistical downscaling using a regional model and a senu-empirical
technique based on stochastic procedures conditioned on weather
types which were classified from circulation fields (700hPa
geopotential heights). While Mearns et at suggest that the semiempirical approach incorporates more physical meaning into the
relationships than a pure statistical approach does, this approach
does impose the assumption that the circulation patterns are,
robust into a future climate in addition to the normal assumption
that the cross-scale relationships are stationary in time. For both
techniques, the driving fields were from the CSIRO AOGCM
(Watterson et al., 1995). The variables of interest were maximum
and minimum daily temperature and precipitation over centralnorthern USA (Nebmska). As with the preceding studies, the
validation under present climate conditions indicated similar skill
levels for the dynamical and statistical approaches, with some
advantage by the statistical technique.
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In line with the Murphy (2000) study, larger differences were
also noted by Meams et at (1999) when climate change projections were produced. Notably for temperature, the statistical
technique produced an amplified seasonal cycle compared to
both the RCM and CSIRO data, although similar changes in daily
temperature variances were found in both the RCM and the statistical technique (with the statistical approach producing mostly
decreases). The spatial patterns of change showed greater
variability in the RCM compared with the statistical technique.
Mearns et at (1999) suggested that some of the differences found
in the results were due to the climate change simulation
exceeding the range of data used to develop the statistical model,
while the decreases in variance were likely to be a true reflection
of changes in the circulation controls. The precipitation results
from Meams et at. (1999) are different from earlier studies with
the same RCM (e.g., Giorgi et at, 1998) that produced few statistically significant changes.
Extending the comparison beyond simple methodological
performance, Wilby et at. (2000) compared hydrological
responses using data from dynamically and statistically downscaled climate model output for the Animas River basin in
Colorado, USA. While not a climate change projection, the use
of output from an RCM and a statistical downscaling approach to
drive a distributed hydrological model exemplify the objective of
the downscaling. The results indicate that both the statistical and
dynamical methods had greater skill (in terms of modelling
hydrology) than the coarse resolution reanalysis output used to
drive the downscaling. The statistical method had the advantage
of requiring very few parameters, an attribute making the
procedure attractive for many hydrological applications. The
dynmical model output, once elevation-cotrected, provided better
water balance estimates than raw or elevation-corrected
reanalysis output.
Overall, the above comparative studies indicate that for
present climate both techniques have similar skill. Since statistical models are based on observed relationships between predictands and predictors, this result may represent a further validation
of the performance of RCMs. Under future climate conditions
more differences are found between the techniques, and the
question arises as to which is "more correct". While the
dynamical model should clearly provide a better physical basis
for change, it is still unclear whether different regional models
generate similar downscaled changes. With regard to statistical/empirical techniques, it would seem that careful attention
most be given to the choice of predictors, and that methodologies
which internally select predictors based on explanatory power
under present climates' may exclude predictors important for
determining change under future climate modes.
10.8 Summary Assessment
Today different modelling tools are available to provide climate
change information at the regional scale. Coupled AOGCMs are
the fundamental models used to simulate the climatic response to
anthropogenic forcings and, to date, results from AOGCM
simulations have provided the climate information for the vast
majority of impact studies. On the other hand, resolution limita-
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tions pose severe constraints on the usefulness of AOGCM
information, especially in regions characterised by complex
physiographic settings. Three classes of regionalisation
techniques have been developed to enhance the regional information of coupled AOGCMs: high resolution and variable resolution
time-slice AGCM experiments, regional climate modelling, and
empirical/statistical and statistical/dynamical approaches.
Since the SAR, substantial progress has been achieved in all
regionalisation methods, including better understanding of the
techniques, development of a wide variety of modelling systems
and methods, application of the techniques to a wide range of
studies and regional settings, and reduction of model biases.
Modelling work has indicated that regionalisation techniques
enhance some aspects of AOGCM regional information, such as
the high resolution spatial detail of precipitation and temperature,
and the statistics of daily precipitation events. It is important to
stress that AOGCM information is the starting point for the
application of all regionalisation techniques, so that a foremost
requirement in the simulation of regional climate change is that
the AOGCMs simulate well the circulation features that affect
regional climates. In this respect, indications are that the performance of current AOGCMs is generally improving.
Analysis of AOGCM simulations for broad (sub-continentsl
scale) regions indicates that biases in the simulation of present
day regionally and seasonally averaged surface climate variables,
although highly variable across regions and models, are generally
improved compared with the previous generation models. This
implies increased confidence in simulated climatic changes. The
performancc of models in reproducing observed interannual
variability varies across regions and models.
Regional analysis of AOGCM transient simulations
extending to 2100, for different scenarios of GHG increase and
sulphate aerosol effects, and with a number of modelling
systems (some simulations include ensembles of realisations)
indicate that the average climatic changes for the late decades of
the 21st century compared to present day climate vary substantially across regions and models. The primary source of
uncertainty in the simulated changes is associated with intermodel range of changes, with inter scenario and intra-ensemble
range of simulated changes being less pronounced. Despite the
range of inter-model results, some common patterns of subcontinental scale climatic changes are emerging, and thus
providing increased confidence in the simulation of these
changes.
Work performed with all regionalisation techniques
indicates that sub-GCM grid scale structure in the regional
climate change signal can occur in response to regional and local
forcings, although more work is needed to assess the statistical
significance of the sub-GCM grid scale signal. In particular,
modelling evidence clearly indicates that topography, land use
and the surface hydrologic cycle strongly affect the surface
climate change signal at the regional to local scale. This implies
that the use of AOGCM information for impact studies needs to
be taken cautiously, especially in regions characterised by
pronounced sub-GCM grid scale variability in forcings, and that
suitable regionalisation techniques should be used to enhance the
AOGCM results over these regions.
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Considerations of various types may enter the choice of
the regionalisation technique, as different techniques may be
most suitable for different applications and different working
environments. High resolution AGCMs offer the primary
advantage of global coverage and two-way interactions
between regional and global climate. However, due to their
computational cost, the resolution increase that can be
expected from these models is limited. Variable resolution and
RCMs yield a greater increase in resolution, with current
RCMs reaching resolutions as fine as a few tens of kilometres
or less, RCMs can capture physical processes and feedbacks
occurring at the regional scale, but they are affected by the
errors of the AOGCM driving fields, and they do not represent
regional-to-global climate feedbacks. The effects of regionalto-global feedback processes depend on the specific problem
and in many cases may not be important. Two-way GCM-RCM
nesting would allow the description of such effects, and some
research efforts in that direction are currently under way.
Statistical downscaling techniques offer the advantages of
being computationally inexpensive, of providing local
information which is needed in many impact applications, and
of offering the possibility of being tailored to specific applica-
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tions. However, these techniques have limitations inherent in
their empirical nature.
The combined use of different techniques may provide the
most suitable approach in many instances. For example, a highresolution AGCM simulation could represent an important
intermediate step between AOGCM information and RCM or
statistical downscaling models. The convergence of results from
different approaches applied to the same problem can increase
the confidence in the results and differences between
approaches can help to understand the behaviour of the models.
Despite recent improvements and developments, regionalisation research is still a maturing process and the related
uncertainties are still rather poorly known. One of the reasons
for this is that most regionalisation research activities have
been carried out independently of each other and aimed at
specific objectives. Therefore a coherent picture of regional
climate change via available regionalisation techniques cannot
yet be drawn. More co-ordinated efforts are thus necessary to
improve the integrated hierarchy of models, evaluate the
different methodologies, intercompare methods and models
and apply these methods to climate change research in a
comprehensive strategy.
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Appendix 10.1:
List of regional climate model simulations of duration longer than 3 months nested within analyses; also including
oceanic RCMs (O-RCM).
References

Grid size

Duration

Region

125 km
55 km
50 km
125 km

7 X I month
11 X I month
7 X 2 months
8 X 1 month

Antarctica
Arctic
USA

Giorgi et al. (1993a)
Christensen er at (1995)
Leung and Ghan (1995)
Kim (1997)
Christensen et at (1997)
Jenkins (1997)
Kidson and Thompson (1998)
McGregor et at (1998)
Noguer et at (1998)

60 km
56 km
30 and 90 km
20 km
26 to 57 km
110 km
50 km
44 km
50 km

USA
Europe
North-west USA
Western USA
Europe
West Africa
New Zealand
Southeast Asia
Europe

Ruti et aL (1998)
Seth and Giorgi (1998)
Leung and Chao (1998)
Kauker(1998)
Christensen (1999)
Giorgi and Shields (1999)
Giorgi et at (1999)
Small era/. (1999a)
van Lipzig (1999)
Liston and Pielke (1999)
Hong and I<eunaa (1999)
Christensen and Kuhry (2000)
Pan et al. (2000)
Mabuchi et at (2000)
Jacob and Podzun (2000)

30 km
60 km
90 km
15 km
55 km
60 km
60 km
60 km
55 km
50 km
50 km
16 km
55 km
30 km
55 km

2 years
20 months
lyear
6 months
11 months to 10 years
2 X 4 months
5 years
I year
10 years
19 months
2 X 4 months
3 years
15 years
7X1year
3 years
13 month
5.5 years
I O years
I year
4 X 3 months
15 years
2 X 10 years
6.5 years
10 years

50 km
80 km
60 km
60 km
60 km
60 km

4 months
3 X 5.5 months
4 months
10 X 3 month
3 X 3 month
3 years

a) Individual January/July present-day simulations
Walsh and McGregor (1996)
Rinke etaL (1999)
Takle et at (1999)
Katzfey (1999)

Australia

b) Seasonally-varying present-day simulations

Europe
USA
North-west USA
North Sea (O-RCM)
Mediterranean area
USA
East Asia
Central Asia
Antarctica
USA
USA
Arctic Russia
USA
Japanese Islands
Northern Europe

c) Seasonal tropical or monsoon simulations

Bhaskaran et at (1996)
Ji and Vemekar (1997)
Wei et al. (1998)
Sun et at (1999)
Leung et at (1999a)
Chen and Fu (2000)

Indian monsoon
Indian monsoon
Temperate East Asia
East Africa
East Asia
East Asia

[I995, 1J Third International Conference on Modelling of Global Climate Change and Variability, Hamburg, Germany, 4 to 8 September 1995.
12000, 21 Submitted to Research Activities in Atmospheric and Oceanic Modelling. (CAS11SC Working Group on Numerical
Experimentation Report) [Geneva]: WMO.
,
[2000,318M AMS Annual Meeting, Long Beach, California, 9 to 14 January 2000.
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Appendix 10.2:
List of regional climate model simulations of duration longer than 3 months nested within a GCM present day
simulation; also including oceanic RCMs (O-RCM) and variable resolution GCMs (var.res.GCM).
References

Grid size

Duration

Region

McGregor and Walsh (1993)

250 km

10 months

Australia

b) Individual January/July simulations
Giorgi (1990)
Marinucci and Giorgi (1992)
McGregor and Walsh (1994)
Marinucci et at (1995)
Walsh and McGregor (1995)
Podzun et al. () 995)
Rotach et at (1997)
)oubert etal (1999)

60 km
70 km
125 km/60 km
20 km
125 km
55 km
20 km
125 km

6 X I month
5 X I month
lox I month
5 X 1 month
10 X I month
5 X I month
5 X I month
20 X I month

USA
Europe
Tasmania
Europe (Alps)
Australasia
Europe
Europe (Alps)
South Africa

60 km
T21-T200
50 km
50 km
125 km
50 km
50 km
-100 km
108 km
55 km
125 kin
57 and 19 km
-100 km
-60 km
50 km
60 and 125 km
45 km
19 to 70 km
44 km
50 km
50 km
55 km
15 km
90 km
50 km
90 km
55 kin
55 km
55 Ian
44 km
50 km
60 km
60 km

3.5 years

USA

10 years
5 years
10 years
10years
5 years
5 years
5 years
7 months
4 years
5 X 18 months
9 years
3 years
10 years

Europe (var.res.GCM)
East Asia
Europe
Australasia
Europe
Europe
Antarctica (var.res.GCM)
USA - AMIP
Europe
Australasia - AMIP
Scandinavia
Greenland (var.res.GCM)
Europe

5 years

USA

20 years
5 years
5 to 30 years
10 years
l0 years
10 years
13 month
5 years
7 years
10 years
2 years
20 years
10 years
2 X 10 years
10 years
10 years
5 year

Australia
West Canada
Europe
Southeast Asia
Europe
New Zealand
Northern South America
North Sea (O-RCM)
North-westUSA
Iberian Peninsula
North-west USA
North-west Europe
Northern Europe
USA
Europe
East Asia
China

3 years

East Asia

55 km
50 km
50 km

6 months
l0years
20 years

Indian monsoon
India-AMIP
Indian monsoon

a) Perpetual January simulation

c) Seasonally-varying simulations
Giorgi et at (1994)
D'equP and Piedelievre (1995)
}lirakuchi and Giorgi (1995)
Jones et at (1995)
McGregor et at (1995)
Giorgi and Marinucci (1996b)
Giorgi et al. (1997)
Krinner et al. (1997)
Jenkins and Barron (1997)
Jacob and Podzun (1997)
Walsh and McGregor (1997)
Christensen et at (1998)
Krinner and Genthon (1998)
D'eque at at (1998)
Giorgi et al. (1998)
Katzfcy at al. (1998)
Laprise et al. (1998)
Machenhauer et al. (1998)
McGregor et at (1998)
Noguer et al. (1998)
Renwick et aL (1998)
Bohm er al. (1998)
Kauker (1998)
Leung and Ghan (1999a)
Gallardo et aL (1999)
Leung et al. (1999b)
Haugen at at (1999)
Jacob and Podzun (2000)
Pan at al. (2000)
Rummukainen at at (2000)
Kato et al. (2001)
Gan at at (2000)
Chen and Fu (2000)
c) Seasonal tropical or monsoon simulations
Jacob et al. (1995)
Bhaskaran el at (1998)
Hassel and ]ones (1999)

[ 1995, 1) Third International Conference on Modelling of Global Climate Change and Variability, Hamburg, C.ermarry, 4 to 8 September 1995
[ 1998, 21 International Conference on The Role of Topography in Modelling Weather and Climate. International Centre for Theoretical
Physics, Trieste, Italy, 22 to 26 June 1998.
[2000, 3] Submitted to Research Activities in Atmospheric and Oceanic Modelling. (CAS/JSC Working Group on Numerical
Experimentation Report) [GenevaJ: WMO.
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Appendix 10.3:
List of regional climate model simulations of duration longer than 3 months nested within a GCM climate
change simulation; also including oceanic RCMs (O-RCM) and variable resolution GCMs (var.res.GCM).

References

Grid size

Duration

Region

70 km
60 km
20 km

5xlmonth
10 x 1 month
5 X 1 month

Europe
Tasmania
Europe (Alps)

3.5 years
5 years
10 years
3 years
10 years
10 years
5 years
10 years
5 years

10 years
5 years
10 years
20 years
10 years
20 years
8 years
2 x 10 years
10 years
5 year

USA
East Asia
Australasia
Europe
Europe
Europe (var.res.GCM )
USA
Southern Africa
West Canada
Europe
South-east Asia
New Zealand
North Sea (O-RCM)
Europe
Indian monsoon
Iberian Peninsula
North-west Europe
North west USA
USA
Fast Asia
China

140 years
140 years

Australasia
South-east Australia

a) Individual lanuary/hly 2xCOt simularions

Giorgi et at (1992)
McGregor and Walsh (1994)
Rotach et at. (1997)

b) Seasonally-varying 2xCOt time-slice simulations
Giorgi et at (1994)
HirakucN and Giorgi (1995)
McGregor et at. (1995)
Giorgi et al. (1997)
Jones et at (1997)
I)6qud et at (1998)
Giorgi et at (I998)
louben et al. (1998)
Uprise et at (1998)
Machenhauer et al. (1998)
McGregor et at (1998)
Renwick et at (1998)
Kauker(1998)
Rzisanen et at. (1999)
Hassel and Jones (1999)
Gallardo at at (1999)
Haugen et at (1999)
Leung and Ghan (1999b)

60 km
50 km
125 km
50 km
50 km
About 60 km
50 km
125 km
45 km
19 to 70 km
44 km
50km
15 km
44 km
50 km
50 km
55 km
90 km

Pan et at (2000)
Kato et at (2001)
Gao et al. (2000)

55 km
50 km
60 km

5 to 30 years
10 years

c) Seasonally-varying jully transient CO, simulations
McGregor et at (1999)
McGregoretat. (1999)

125 km
60km

11995, 1) Third International Conference on Modelling of Global Climate Change and Variability, Hamburg, Germany, 4 to 8 September 1995
[1998, 2] Intlnternational Conference on The Role of Topography in Modelling Weather and Climate. Inttntemational Centre for Theoretical
Physics,Trieste, Italy, 22 to 26 1une 1998.
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Appendix 10.4: Examples of downscaling studies.
Technique (utilised in the above categories):
•

W G= weather generators (e.g.: Markov-type procedures, conditional probability).

•

TF = transfer functions (e.g.: Regression, canonical correlation analysis, and artificial neural networks).

•

WT = weather typing (e.g.: cluster analysis, self-organising map, and extreme value distribution).

Predictor variables: C = circulation based (e.g.: sea level pressure fields and geopotential height fields).
T = temperature (at surface or on one or more atmospheric levels). TH = thickness between pressure levels.
VOR = vorticity. W = wind related. Q = specific humidity (at surface or on one or more atmospheric levels).
RH = relative humidity (at surface or on one or more atmospheric levels). Chi = cloud cover.
ZG = spatial gradients of the predictors. O= other.
Predictands: T (temperature); Tmax (maximum temperature); Tmin (minimum temperature); P (precipitation).
Region is the geographic domain.
Time is the time-scale of the predictor and predictand: H (hourly), D (daily), M (monthly), S (seasonal), and A (annual).

Technique

Predictor

Predictand

Time

Author (s)

TF

C

P

D

Hewitson and Crane, 1996

WT
WG
WG, TF
TF
WG, TF
WG,WT
TF
WG
TF
TF, WT

T
C
C, T, VOR

Tmax, Tmin
P
P

C' Q
C, T. VOR
C
C, T, RH, W

P
T, P

Brown and Katz, 1995
Zorita er a1., 1995
Wilby and Wigley, 1997
Crane and Hewitson, 1998
Wilby el a/., 1998a, b

C. TH, 0
C, TH, Q

T,P
T
P
P
P

D
D
D
D
D
D
D
D

Central Argentina

TF

C, W

Japanese coast
Chinese coast

TF
TF

New Zealand

Region
Africa
South Africa
America
USA
USA
USA
USA
USA
USA
USA
USA
Mexico and USA
Mexico and USA

D
D

Mearns et al., 1999
Sailor and Li, 1999
Bellonc et al., 1999
Cavazos, 1997
Cavazos, 1999

T, Tmax, Train

M

Solman and Nunez, 1999

C

Sea level
Sea level variability

M
M

Cut el d., 1995, 1996
Cui and Zorita, 1998

WT

C

Tmax, Tmiq P

New Zealand

TF

C,TH, VORW -T,P

Australia

TF

C

Australia
Australia

TF
WT

C

Australia

WT

Asia

Oceania

Euro
Europe
Europe

WG
WG, TF

C. T

- 6-

and Watterson, 1995

D

Kidson and Thompson, 1998

Trans, Train

D

Schubert and Henderson-Sellers, 1997

Tmax, Train
P

D

Schubert, 1998
Timbal and McAvaney, 1999
Schnur and Lettenmaier, 1999

T, P

D

Conoway et al., 1996
Semenov and Barrow, 1996

T, P

M

Murphy, 1998a, b

T, P, vapour pressure

D

Weichert and Biireer. 1998

r
VOR,W

TF

Germany

TF

T

Phenological event

Germany

TF

C

Storm surge

Germany

TF

Salinity

Germany

WT

Thunderstorms

Maak and vanStorch, 1997
M

Von Storch and Reichardt, 1997

Heyen and Dippner, 1998
D

Sept, 1998
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Region

Technique

Predictor

Predictand

Time

Author (s)

P

D

Cubash et al., 1996

Tmax, Tmin

D

Trigo and Palutikof, 1998

T, P
T, P and others

D
D
D
M
D
D,M
M

Ribalaygua et a!., 1999
Palutikof et a!., 1997
Winkler et al., 1997
Goodess and Palutikof, 1998
Corte-Real et al., 1995
Cone-Real et al., 1999
Buishand and Brandsrna, 1997
Benestad, 1999a, b

C. O

Local weather

D

Reichert et a!., 1999

C

P

M

Busuioc and von Storch, 1996

C

P

M

Busuioc et a!, 1999

Germany

TF

Iberian Peninsula

WG

C

Iberian Peninsula

TF

C

Iberian Peninsula

TF

T, P

Boren eta!., 1999

Iberian Peninsula
Spain (and USA)
Spain (and USA)
Spain
Portugal
Portugal
The Netherlands
Norway

TF
TF
TF
WT
TF
WT
WT
TF

T, P
Tmaz, Train
Tmax, Tmin

C
C
C, VOR, W
C' O

Norway (glaciers)

TF

Romania

TF

Romania

TF

Switzerland

TF

P

Switzerland

TF

P

Switzerland

TF

Switzerland

WG

Switzerland

TF

Poland

TF

Ecological variables

C
C

C

P

Local Weather

Kronke et at., 1998

Buishand and Klein Tank, 1996
Brandsmaand Buishand, 1997

D

Widmann and Schar, 1997

H

Gyalistras et a!., 1997

P

Buishand and Brandsma, 1999

C

T. sea level, wave
height, salinity,
wind, turn-off

D,M

M

Mietus, 1999

Alps

WT

Alps
Alps

TF
WT

CT
C

T, P
Snow

Fuentes and Heimann, 1996

Alps
Alps
Alps,
Alps
Alps

WT
TF
TF
WT
WT

C, T
C, T
C. T

T, P.
Snow cover
Landslide activity
T, P

D

Alps

WT

P

D

Fuentes and Heimann, 1999

Alps
Alps

TF, WG
TF

CT
C

Weather statistics
P

M
M

Riedo et al., 1999
Burkhard41999

Fischlin and Gylistras, 1997
Martin et al., 1997
Fuentes et al., 1998
Gyalisttas et al., 1998
Hantel et at., 1998
Dehn, 1999a, b
Heimann and Sept, 1999

Mediterranean

TF

C' P

T

Mediterranean

TF

C

P

S

Jacobeit, 1996

North Atlantic

TF

C

Pressure tendencies

M

Kaas et al., 1996

North Atlantic

TF

C

Wave height

M

WASA, 1998

North Sea

TF

North Sea coast

TF

C

Sea level

M

Langenberg et al., 1999

Baltic Sea
R 'on not specified

TF

SLP

Sea level

M

Heyen et al., 1996

Palutikof and Wigley, 1995

Ecological variables

Dippner, 1997a, b

WT

Frey-Buness et al., 1995

WT

C

Matyasovszky and Bogardi, 1996

WT
TF

C, VOR, W

Enke and Spekat, 1997
Kilsby et al., 1998

TF

Ecological variables

TF
WG
WT

P
P
P

P

Heyen et at, 1998

D
D

Biau et al., 1999
Wilks, 1999
Zorita and von Storch, 1999
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Executive Summary

century, AOGCM simulations. result in rates of thermal
expansion of 0.3 to 0.7 mm/yr.

This chapter assesses the current state of knowledge of the
rate of change of global average and regional sea level in
relation to climate change. We focus on the 20th and 21st
centuries. However, because of the slow response to past
conditions of the oceans and ice sheets and the consequent
land movements, we consider changes in sea level prior to the
historical record, and we also look over a thousand years into
the future.
Past changes in sea level
From recent analyses, our conclusions are as follows:
• Since the Last Glacial Maximum about 20,000 years ago, sea
level has risen by over 120 in at locations far from present and
former ice sheets, as a result of loss of mass from these ice
sheets. There was a rapid rise between 15,000 and 6,000 years
ago at an average rate of 10 mm/yr.
• Based on geological data, global average sea level may have
risen at an average rate of about 0.5 mm/yr over the last 6,000
years and at an average rate of 0.1 to 0.2 mm/yr over the last
3,000 years.
• Vertical land movements are still occurring today as a result of
these large transfers of mass from the ice sheets to the ocean.

• The mass of the ocean, and thus sea level, changes as water is
exchanged with glaciers and ice caps. Observational and
modelling studies of glaciers and ice caps indicate a contribution to sea level rise of 0.2 to 0.4 mm/yr averaged over the 20th
century.
• Climate changes during the 20th century are estimated from
modelling studies to have led to contributions of between -0.2
and 0.0 mm/yr from Antarctica (the results of increasing
precipitation) and 0.0 to 0.1 mm/yr from Greenland (from
changes in both precipitation and runoff).
• Greenland and Antarctica have contributed 0.0 to 0.5 mm/yr
over the 20th century as a result of long-term adjustment to past
climate changes.
• Changes in terrestrial storage of water over the period 1910 to
1990 are estimated to have contributed from -1.1 to
+0.4 mm/yr of sea level rise.
The sum of these components indicates a rate of eustatic sea
level rise (corresponding to a change in ocean volume) from
1910 to 1990 ranging from -0.8 to 2.2 mmlyr, with a central
value of 0.7 mm/yr. The upper bound is close to the observational
upper bound (2.0 mm/yr), but the central value is less than the

- During the last 6,(]00 years, global average sea level variations
on time-scales of a few hundred years and longer are likely to
have been less than 0.3 to 0.5 m.

observational lower bound (1.0 mm/yr), i.e., the sum of

• Based on tide gauge data, the rate of global average sea level rise
during the 20th century is in the range 1.0 to 2.0 mm/yr, with a
central value of 1.5 mm/yr (as with other ranges of uncertainty,
it is not implied that the central value is the best estimate).

to +0.7 mm/yr/century, consistent with observational finding of

• Based on the few very long tide gauge records, the average
rate of sea level rise has been larger during the 20th century
than the 19th century.

• No significant acceleration in the rate of sea level rise during
the 20th century has been detected.
• There is decadat variability in extreme sea levels but no
evidence of widespread increases in extremes other than that
associated with a change in the mean.
Factors affecting present day sea level change
Global average sea level is affected by many factors. Our assessment of the most important is as follows.
• Ocean thermal expansion leads to an increase in ocean volume
at constant mass. Observational estimates of about 1 mm/yr
over recent decades are similar to values of 0.7 to 1.1 mm/yr
obtained from Atmosphere-Ocean General Circulation Models
(AOGCMs) over a comparable period. Averaged over the 20th

components is biased low compared to the observational
estimates. The sum of components indicates an acceleration of
-1.1
with a range from
only 0.2 mm/yr/cenmry,
no acceleration in sea level rise during the 20th century. The
estimated rate of sea level rise from anthropogenic climate
change from 1910 to 1990 (from modelling studies of thermal
expansion, glaciers and ice sheets) ranges from 0.3 to 0.8 mm/yr.
It is very likely that 20th century warming has contributed significantly to the observed sea level rise, through thermal expansion
of sea water and widespread loss of land ice.

Pmjected sea level changes from 1990 to 2100
Projections of components contributing to sea level change
from 1990 to 2100 (this period is chosen for consistency with
the IPCC Second Assessment Report), using a range of
AOGCMs following the IS92a scenario (including the direct
effect of sulphate aerosol emissions) give:

• thermal expansion of 0.11 to 0.43 in, accelerating through the
21 st century;
• a glacier contribution of 0.01 to 0.23 nr;
• a Greenland contribution of -0.02 to 0.09 m;
• an Antarctic contribution of -0.17 to 0.02 m.
Including thawing of permafrost, deposition of sediment, and
the ongoing contributions from ice sheets as a result of climate
change since the Last Glacial Maximum, we obtain a range of
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global-average sea level rise from 0.11 to 0.77 m. This range
reflects systematic uncertainties in modelling.
For the 35 SRES scenarios, we project a sea level rise of
0.09 to 0.88 m for 1990 to 2100, with a central value of 0.48 m.
The central value gives an average rate of 2.2 to 4.4 times the
rate over the 20th century. If terrestrial storage continued at its
present rates, the projections could be changed by -0.21 to
+0.11 m. For an average AOGCM, the SRES scenarios give
results which differ by 0-02 m or less for the first half of the 21 st
century. By 2100, they vary over a range amounting to about
50% of the central value. Beyond the 21 st century, sea level rise
will depend strongly on the emissions scenario.
The West Antarctic ice sheet (WAIS) has attracted special
attention because it contains enough ice to raise sea level by 6
at and because of suggestions that instabilities associated with
its being grounded below sea level may result in rapid ice
discharge when the surrounding ice shelves are weakened. The
range of projections given above makes no allowance for icedynamic instability of the WAIS. It is now widely agreed that
major loss of grounded ice and accelerated sea level rise are
very unlikely during the 21st century.
Our confidence in the regional distribution of sea level
change from AOGCMs is low because then; is little similarity
between models. However, models agree on the qualitative
conclusion that the range of regional variation is substantial
compared with the global average sea level rise. Nearly all
models project greater than average rise in the Arctic Ocean and
less than average rise in the Southern Ocean.
Land movements, both isostatic and tectonic, will continue
through the 21st century at rates which are unaffected by
climate change. It can be expected that by 2100 many regions
currently experiencing relative sea level fall will instead have a
rising relative sea level.
Extreme high water levels will occur with increasing
frequency (i.e. with reducing return period) as a result of mean
sea level rise. Their frequency may be further increased if
storms become more frequent or severe as a result of climate
change.

Changes in Sea Level
Longer tenn changes
If greenhouse gas concentrations were stabilised, sea level
would nonetheless continue to rise for hundreds of years. After
500 years, sea level rise from thermal expansion may have
reached only half of its eventual level, which models suggest
may he within ranges of 0.5 to 2.0 no and 1 to 4 to for CO2 levels
of twice and four times pre-industrial, respectively.
Glacier retreat will continue and the loss of a substantial
fraction of the total glacier mass is likely. Areas that are currently
marginally glaciated are most likely to become ice-free.
Ice sheets will continue to react to climate change during
the next severel thousand years even if the climate is stabilised.
Models project that a local annual-average warming of larger
than 3°C sustained for millennia would lead to virtually a
complete melting of the Greenland ice sheet. For a warming over
Greenland of 5.5°C, consistent with mid-range stabilisation
scenarios, the Greenland ice sheet contributes about 3 to in 1,000
years. For a warming of 8°C, the contribution is about 6 m, the
ice sheet being largely eliminated. For smaller warmings, the
decay of the ice sheet would be substantially slower.
Current ice dynamic models project that the WAIS will
contribute no more than 3 mm/yr to sea level rise over the next
thousand years, even if significant changes were to occur in the
ice shelves. However, we note that its dynamics are still
inadequately understood to make firm projections, especially on
the longer time-scales.
Apart from the possibility of an internal ice dynamic instability,
surface melting will affect the long-tenn viability of the Antarctic
ice sheet. For wammngs of more than 10°C, simple runoff models
predict that a zone of net mass loss would develop on the ice sheet
surface. Irreversible disintegration of the WAIS would result
because the WAIS cannot retreat to higher ground once its margins
are subjected to surface melting and begin to recede. Such a disintegration would take at least a few millennia. Thresholds for total
disintegration of the East Antarctic Ice Sheet by surface melting
involve warmings above 20°C, a situation that has not occurred for
at least 15 million years and which is far more than predicted by any
scenario of climate change currently under consideration.
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11.1 Introduction
Sea level change is an important consequence of climate
change, both for societies and for the environment. In this
chapter, we deal with the measurement and physical causes of
sea level change, and with predictions for global-average and
regional changes over the next century and further into the
future. We reach qualitatively similar conclusions to those of
Warrick et al. (1996) in the IPCC WGI Second Assessment
Report (IPCC, 1996) (hereafter SAR). However, improved
measurements and advances in modelling have given more
detailed information and greater confidence in several areas.
The impacts of sea level change on the populations and ecosystems of coastal zones are discussed in the IPCC WGII TAR
(IPCC, 2001).
The level of the sea varies as a result of processes
operating on a great range of time-scales, from seconds to
millions of years. Our concern in this report is with climaterelated processes that have an effect on the time-scale of
decades to centuries. In order to establish whether there is a
significant anthropogenic influence on sea level, the longerterm and non-climate-related processes have to be evaluated as
well.
"Mean sea level" at the coast is defined as the height of the

Box 11.1: Accuracy
For indicating the uncertainty of data (measurements or
model results), two options have been used in this chapter.
1. For data fulfilling the usual statistical requirements, the
uncertainty is indicated as ± I standard deviation (± 1(y)2. For limited data sets or model results, the full range is
shown by quoting either all available data or the two
extremes. In these cases, outhers may be included in the
data set and the use of an arithmetic mean or central value
might be misleading.
To combine uncertainties when adding quantities, we used
the following procedures:
• Following the usual practice for independent uncertainties,
the variances were added (i.e. the standard deviations were
combined in quadrature).
• Ranges were combined by adding their extreme values,
because in these cases the true value is very likely to lie
within the overall range.
• To combine a standard deviation with a range, the standard
deviation was first used to derive a range by taking ± 2
standard deviations about the mean, and then the ranges
were combined.

sea with respect to a local land benchmark, averaged over a
period of time, such as a month or a year, long enough that
fluctuations caused by waves and tides are largely removed.
Changes in mean sea level as measured by coastal tide gauges
are called "relative sea level changes", because they can come
about either by movement of the land on which the tide gauge

Eustatic sea level change results from changes to the density
or to the total mass of water. Both of these relate to climate.
Density is reduced by thermal expansion occurring as the ocean
warms. Observational estimates of interior temperature changes
in the ocean reported by Warrick et al. (1996) were limited, and

is situated or by changes in the height of the adjacent sea
surface (both considered with respect to the centre of the Earth

estimates of thermal expansion were made from simple ocean

as a fixed reference). These two terms can have similar rates

models. Since the SAR, more observational analyses have been

(several mm/yr) on time-scales greater than decades. To infer

made and estimates from several Atmosphere Ocean General

sea level changes arising from changes in the ocean, the

Circulation Models (AOGCMs) have become available (Section

movement of the land needs to be subtracted from the records
of tide gauges and geological indicators of past sea level.

component to sea level rise over the next hundred years (Section

Widespread land movements are caused by the isostatic adjustment resulting from the slow viscous response of the mantle to

11.5.1.1). Because of the large heat capacity of the ocean, thermal
expansion would continue for many centuries after climate had

the melting of large ice sheets and the addition of their mass to
the oceans since the end of the most recent glacial period ("Ice

been stabilised (Section 11.5.4.1).

Age") (Section 11.2.4.1). Tectonic land movements, both rapid
displacements (earthquakes) and slow movements (associated
with mantle convection and sediment transport), can also have
an important effect on local sea level (Section 11.2.6).

We estimate that global average eustatic sea level change
over the last hundred years is within the range 0.10 to 0.20 in
(Section 11.3.2). ("Eustatic" change is that which is caused by
an alteration to the volume of water in the world ocean.) These
values are somewhat higher than the sum of the predictions of
the contributions to sea level rise (Section 11.4). The discrepancy reflects the imperfect state of current scientific knowledge.
In an attempt to quantify the processes and their associated rates
of sea level change, we have critically evaluated the error
estimates (Box 11.1). However, the uncertainties remain
substantial, although some have narrowed since the SAR on
account of improved observations and modelling.

11.2.1). Thermal expansion is expected to contribute the largest

Exchanges with water stored on land will alter the mass of the
ocean. (Note that sea level would be unaffected by the melting of
sea ice, whose weight is already supported by the ocean.)
Groundwater extraction and impounding water in reservoirs result
in a direct influence on sea level (Section 11.2.5). Climate change
is projected to reduce the amount of water frozen in glaciers and
ice caps (Sections 11.2.2, 11.5.1.1) because of increased melting
and evaporation. Greater melting and evaporation on the
Greenland and Antarctic ice sheets (Sections 11.2.3, 11.5.1.1) is
also projected, but might be outweighed by increased precipitation. Increased discharge of ice from the ice sheets into the ocean
is also possible. The ice sheets react to climate change by
adjusting their shape and size on time-scales of up to millennia, so
they could still be gaining or losing mass as a result of climate
variations over a history extending as far back as the last glacial
period, and they would continue to change for thousands of years
after climate had been stabilised (Section 11.5.4.3).
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Sea level change is not expected to be geographically
uniform (Section 11.5.2), so information about its distribution is
needed to inform assessments of the impacts on coastal regions.
Since the SAR, such information has been calculated from
several AOGCMs. The pattern depends on ocean surface fluxes,
interior conditions and circulation. The most serious impacts are
caused not only by changes in mean sea level but by changes to
extreme sea levels (Section 11.5.3.2), especially storm surges and
exceptionally high waves, which are forced by meteorological
conditions. Climate-related changes in these therefore also have
to be considered.
11.2 Factors Contributing to Sea Level Change
11.2.1 Ocean Processes
The pattern of sea level in ocean basins is maintained by
atmospheric pressure and air-sea fluxes of momentum (surface
wind stress), hear and fresh water (precipitation, evaporation, and
fresh-water runoff from the land). The ocean is strongly density
stratified with motion preferentially along density surfaces (e.g.
Ledwelf et at, 1993, 1998). This allows properties of water
masses, set by interaction with the atmosphere or sea ice, to be
carried thousands of kilometres into the ocean interior and thus
provides a pathway for warming of surface waters to enter the
ocean interior.
As the ocean warms, the density decreases and thus even at
constant mass the volume of the ocean increases. This thermal
expansion (or steric sea level rise) occurs at all ocean temperatures and is one of the major contributors to sea level changes
during the 20th and 21st centuries. Water at higher temperature or
under greater pressure (i.e., at greater depth) expands more for a
given heat input, so the global average expansion is affected by
the distribution of heat within the ocean. Salinity changes within
the ocean also have a significant impact on the local density and
thus local sea level, but have little effect on global average sea
level change.

The rate of climate change depends strongly on the rate at
which heat is removed from the ocean surface layers into the
ocean interior; if heat is taken up more readily, climate change is
retarded but sea level rises more rapidly. Climate change simulation requires a model which represents the sequestration of heat
in the ocean and the evolution of temperature as a function of
depth.
The large heat capacity of the ocean means that there will be
considerable delay before the full effects of surface warming are
felt throughout the depth of the ocean. As a result, the ocean will
not be in equilibrium and global average sea level will continue
to rise for centuries after atmospheric greenhouse gas concentrations have stabilised.
The geographical distribution of sea level change is principally determined by alterations to the ocean density structure,
with consequent effects on ocean circulation, caused by the
modified surface momentum, heat and water fluxes. Hsieh and
Bryan (1996) have demonstrated how the first signals of sea level
rise are propagated rapidly from a source region (for instance, a
region of heat input) but that full adjustment takes place more

slowly. As a result, the geographical distribution of sea level
change may take many decades to centuries to arrive at its final
state.
11.2.1.1 Observational estimates of ocean warming and "can
thermal expansion
Previous IPCC sea level change assessments (Warrick and
Oerlemans, 1990; Warrick et at, 1996) noted that there were a
number of time-series which indicate warming of the ocean and
a resultant thermal expansion (i.e. a steric sea level rise) but there
was limited geographical coverage. Comparison of recent ocean
temperature data sets (particularly those collected during the
World Ocean Circulation Experiment) with historical data is
beginning to reveal large-scale changes in the ocean interior.
(Section 2.2.2.5 includes additional material on ocean warming,
including studies for which there are no estimates of ocean
thermal expansion.) However, the absence of comprehensive
long ocean time-series data makes detection of trends difficult
and prone to contamination by decadal and interannual
variability. While there has been some work on interannual
variability in the North Atlantic (e.g. Levitus, 1989a,b, 1990) and
North Pacific (e.g. Yasuda and Hanawa, 1997; Zhang and
LevlNs, 1997), few studies have focused on long-term trends.
The most convincing evidence of ocean warming is for the
North Atlantic. An almost constant rate of interior warming, with
implied steric sea level rise, is found over 73 years at Ocean
Station S (south-east of Bermuda). Comparisons of transocean
sections show that these changes are widespread (Table 11. t). On
decadal time-scales, variations in surface steric height from
station S compare well with sea level at Bermuda (Roemmich,
1990) and appear to be driven by changes in the wind stress curl
(Sturges and Hong, 1995; Sturges et al., 1998). Variability in the
western North Atlantic (Curry et at, 1998) is related to changes
in convective activity in the Labrador Sea (Dickson et at, 1996).
Over the 20 years up to the early 1990s there has been a cooling
of the Labrador Sea Water (as in the Irminger Sea, Read and
Gould, 1992), and more recently in the western North Atlantic
(Koltetmann et at, 1999). For the South Atlantic, changes are
more uncertain, particularly those early in the 20th century.
A warming of the Atlantic layer in the Arctic Ocean is
deduced by comparison of modem oceanographic sections
collected on board ice-breakers (e.g., Quadfasel et at, 1991;
Carmack et at, 1997; Swift et al., 1997) and submarines (e.g.
Morison et al., 1998; Steele and Boyd, 1998) with Russian Arctic
Ocean atlases compiled from decades of earlier data (Treshnikov,
1977; Gorshkov, 1983). It is not yet clear whether these changes
result from a climate trend or, as argued by Grotefendt et at
(1998), from decadal variability. The published studies do not
report estimates of steric sea level changes; we note that a
warming of I°C over the central 200 in of the Atlantic layer
would result in a local rise of steric sea level of 10 to 20 mm.
Observations from the Pacific and Indian Oceans cover a
relatively short period, so any changes seen may be a result of
decadal variability. Wong (1999), Wong et at (1999), Bindoff
and McDougall (1994) and Johnson and Orsi (1997) studied
changes in the South Pacific. Bindoff and McDougall (2000)
studied changes in the southern Indian Ocean. These authors
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Table II.I: Summary of observations of interior ocean temperature changes and steric sea level rise during the 20th century

Reference

Dates of data

Location, section or
region

Depth range
(m)

North Atlantic Ocean
Read and Gould (1992)
Joyce and Robbins (1996)

1962-1991
1922-1995

55°N, 40°-10°W
Ocean Station S
32.17°N, 64.50°W
20"N-35°N
52°W and 66°W
24°N

50-3000
1500-2500

800-2500

36°N

700-30110

Joyce et at (1999)

1958, 1985,
1997
1957, 1981,
1992
1959, 1981

Temperature Steric rise
chaoge
(mm/yr) (ad
(°Grentury) heatuptake)
-0.3
0.5
0.57

0.9
(0.7 W/m4)
1.0

Parrilla et al. (1994), Bryden
et al. (1996)
Ruemmich and Wunsch
(1984)
Arhan et at. (1998)

1957, 1993

8°N

1000-2500

Antonov (1993)

1957-1981

45°-70°N

0-500
800-2500

Peak of 1
0.9 (1 W/m')
at 1100 in
Peak of 0.8 0.9
at 1500 in
Peak of 0.45 0.6
at 1700 in
Cooling
0.4

1926,1957
1926, 1957
1983, J994
1983, 1994
1926, 1957
1926, 1957
1958, 1983
1958, 1983
1925, 1959

8°S,33.5°W-12.5°W
8°S, 12°W-10.5°E
11°S, 34°W-13"W
11°S112.5°W-12"E
16°S, 37°W-14°W
16°S, 13.5°W-10.5'E
24°S, 40.5°W-14°W
24°S, 13.5°W-12.5°E
32°S, 48.5°W-14°W

1000-2000
(Steric
expansion
for 100m to
bottom is
shown in the
right-hand
half of the
last column)

0.30
0.23
0.30
0.08
0.10
0.05
0.41
0.46
0.13

2060: I500

Peakof>l
at 300 m

South Atlantic Ocean
Dickson e/a/.(2001),Arbic
and Owens (2001)

-0.1
0.2
1.1
0.3
-0.8
-0.2
0.1
0.6

0.0
0.2
4.4
2.2
-2.5
-0.7
1.0
1.0
0.2

Arctic Ocean

See text
North Pacific Ocean

Thomson and Tabata (1989)

1956-1986

Ocean station Papa
50°1 ,145°W

Roemmich (1992)

1950-1991

32°N (off the coast
of California)

Wong (1999), Wong et at.
(1999,2001)
Antonov (1993)

1970s, 1990s
1957 1981

3.5°S-60°N
31.5°S-60°N
Noah of 30°N

0-500

1955-1986

S. Tasman Sea

0-100

1955, mid1970s
Since mid1970s
1967,
1989-1990
1967-1995

Coral and Tasman
Seas

0-100

Wanning

0-450

Cooling

1.1
0-300

0.9 t 0.2
1,4
0.85
Cooling

South Pacific Ocean

Holbrook and Bindoff
(1997)
Ridgway and Godfrey
(1996), Holbrook and
Bindoff (1997)
Bindoff and Church (1992)
Shaffer et al. (2000)

Indian Ocean
BindoffandMcDougall
1959-1966,
(1999)
1987
AtlantiS Pacific and Indian Oceans
1955-1995
Levitus et a!. (2000).
Antonov et a[. (2000)

Australia170°E
Eastern S
Pacific

0.3

43°S
28°S
43°S
28°S

0.9
1.4
0.5
1.1

30'S 35'S

0-900

Global average

0-300
0-3000

1.6

0.7

(0.3 Wm ^)
0.55 mm/yr

(0 .5 Wm' )
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found changes in temperature and salinity in the upper hundreds of
metres of the ocean which are consistent with a model of surface
warming and freshening in the formation regions of the water
masses and their subsequent subduction into the upper ocean. Such
basin-scale changes are not merely a result of vertical thermocline
heave, as might result from variability in surface winds.
In the only global analysis to date, Levims et at (2000) finds
the ocean has stored 20x10`z 3 of heat between 1955 and 1995
(an average of 0.5 Wm z), with over half of this occurring in the
upper 300 in for a rate of warming of 0.7°C/century. The steric
sea level rise equivalent is 0.55 mm/yr, with maxima in the subtropical gyre of the North Atlantic and the tropical eastern
pacific.
In summary, while the evidence is still incomplete, there are
widespread indications of thermal expansion, particularly in the
sub-tropical gyres, of the order 1 mm/yr (Table 11.1). The
evidence is most convincing for the North Atlantic but it also
extends into the Pacific and Indian Oceans. The only area where
cooling has been observed is in the sub-polar gyre of the North
Atlantic and perhaps the North Pacific sub-polar gyre.
11.2.1.2 Models of thermal expansion
A variety of ocean models have been employed for estimates of
ocean thermal expansion. The simplest and most frequently

0.50

T------T-----T-

quoted is the one-dimensional (depth) upwelling-diffusion
(UD) model (Hoffert et at, 1980; Wigley and Raper, 1987,
1992, 1993; Schlesinger and Jiang, 1990; Raper et at, 1996),
which represents the variation of temperature with depth.
Kattenberg et at (1996) demonstated that results from the
GFDL AOGCM could be reproduced by the UD model of
Raper et al. (1996). Using this model, the best estimate of
thermal expansion from 1880 to 1990 was 43 mm (with a range
of 31 to 57 mm) (Warrick et al., 1996). Raper and Cubasch
(1996) and Raper et at (2001) discuss ways in which the UD
model requires modification to reproduce the results of other
AOGCMs. The latter work shows that a UD model of the type
used in the SAR may be inadequate to represent heat uptake
into the deep ocean on the time-scale of centuries. De Wolde et
at (1995, 1997) developed a two dimensional (latitude-depth,
zonally averaged) ocean model, with similar physics to the UD
model. Their best estimate of ocean thermal expansion in a
model forced by observed sea surface temperatures over the last
100 years was 35 mm (with a range of 22 to 51 mm). Church et
at (1991) developed a subduction model in which heat is
carried into the ocean interior through an advective process,
which they argued better represented the oceans with movement
of water along density surfaces and little vertical mixing.
Jackett er at (2000) developed this model further and tuned it

T-------
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Figure 11.1: Global average sea level changes from thermal expansion simulated in AOGCM experiments with historical concentrations of
greenhouse gases in the 20th century, then following the 1S92a scenario for the 21st century, including the direct effect of sulphate aerosols.
See Tables 8.1 and 9.1 for further details of models and experiments.
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by comparison with an AOGCM, obtaining an estimate of 50
mm of thermal expansion over the last 100 years.
The advantage of these simple models is that they require
less computing power than AOGCMs and so the sensitivity of
results to a range of uncertainties can easily be examined.
However, the simplifications imply that important processes
controlling the penetration of heat from the surface into the ocean
interior are not reproduced and they cannot provide information
on the regional distribution of sea level rise. The most satisfactory
way of estimating ocean thermal expansion is through the use of
AOGCMs (Chapter 8, Section 8.3) (Gregory, 1993; Cubasch et
at, 1994; Bryan, 1996; Jackett et al., 2000; Russell er at, 2000;
Gregory and Lowe, 2000). Improvements over the last decade
relate particularly to the representation of the effect on mixing by
processes which operate on scales too small to be resolved in
global models, but which may have an important influence on
heat uptake (see Section 8.5.2.2.4). The geographical distribution
of sea level change due to density and circulation changes can be
obtained from AOGCM results (various methods are used; see
Gregory el at, 2001). The ability of AOGCMs to simulate
decadal variability in the ocean interior has not yet been
demonstrated adequately, partly because of the scarcity of
observations of decadal variability in the ocean for testing these
models. This is not only an issue of evaluation of model performance; it is also relevant for deciding whether observed trends in

Table 11.2: Rate and acceleration of global-average sea level rise due
to thermal expansion during the 20th centuryfmm AOGCM experiments
with historical concentrations of greenhouse gases, including the direct
effect of sulphate aemsols. See Tables 8.1 and 9.1 for further details of
models and experiments. The rates are means over the periods
indicated while a quadratic fit is used to obtain the acceleration,
assumed constant. Under this assumption, the rates apply to the
midpoints (1950 and 1975) of the periods. Since Our midpoints are 25
years apart, the difference between the rates is 25 times the acceleralioa
This relation is not exact because of interannual variability and nonconstant accelemtioa

CGCMIGS
CGCM2 GS
CSIRO Mk2 GS
CSM 1.3 GS
ECIiAM4/OPYC3 GS
GFDL Rl5_a GS
GFDL R 15_b GS
GFDL R30 _c GS
HadCM2 GS
HadCM3 GSIO
DOE PCM GS

Rate of sea level rLu
(nan/yr)
1910' to
1960 to
1990"
1990"
0.48
0.79
0.50
0.71
0.47
0.72
0.34
0.70
0.75
1.09
0.59
0.97
0.60
0.88
0.64
0.97
0.60
0.42
0.32
0.64
0.25
0.63

Acceleration
(mm/ydcentury)
1910' to 1990 s
0.7±0.2
0.5 t 0.3
1.1 ± 0.2
1.2 t 0.3
1.0 i OS
1.4 ± 0.4
1.1 t 0.3
1.2 t 0.3
0.8 ± 0.2
1.3 ± 0.4
0.8± 0.4

' The cdoiee of 1910 (mther than 1900) is made lo accommodate the
start date of some of the model integrations.
s The choice of 1990 ( rather than 2000) is made because observational
estimates referred to here do not generally include much data from
the 1991k.

sea level and interior ocean temperatures represent a change
which is significantly larger thah the natural internal variability of
the climate system.
A number of model simulations of the 20th century (Table
9.1) have recently been completed using realistic greenhouse gas
and aerosol forcings. Results for global average thermal
expansion over periods during the 20th century are given in
Figure 11.1 and Table 11.2. They suggest that over the last
hundred years the average rate of sea level rise due to thermal
expansion was of the order of 0.3 to 0.7 mm/yr, a range which
encompasses the simple model estimates, rising to 0.6 to 1.1
mm/yr in recent decades, similar to the observational estimates
(Section 11.2.1.1).
11.2.2 Glaciers and Ice Caps
Box 11.2: Mass balance terms for glaciers, ice caps and ice
sheets

A glacier, ice cap or ice sheet gains mass by accumulation of
snow (snowfall and deposition by wind-drift), which is
gradually transformed to ice, and loses mass (ablation)
mainly by melting at the surface or base with subsequent
mnoff or evaporation of the melt water. Some melt water may
refreeze within the snow instead of being lost, and some snow
may sublimate or be blown off the surface- Ice may also be
removed by discharge into a floating ice shelf or glacier
tongue, from which it is lost by basal melting and calving of
icebergs. Net accumulation occurs at higher altitude, let
ablation at lower altitude; to compensate for net accumulation
and ablation, ice flows downhill by internal deformation of
the ice and sliding and bed deformation at the base. The rate
at which this occurs is mainly controlled by the surface slope,
the ice thickness, the effecOve ice viscosity, and basal thermal
and physical conditions. The mass balance for an individual
body of ice is usually expressed as the rate of change of the
equivalent volume of liquid water, in m3/yr; the mass balance
is zero for a steady state. Mass balances are computed for
both the whole year and individual seasons; the winter mass
balance mostly measures accumulation, the summer, surface
melting. The specific mass balance is the mass balance
averaged over the surface area, in m/yr. A mass balance
sensitivity is the derivative of the specific mass balance with
respect to a climate parameter which affects it. For instance,
a mass balance sensitivity to temperature is in m/yr/°C.
I1.2.2.1 Mass balance studies
The water contained in glaciers and ice caps (excluding the ice
sheets of Antarctica and Greenland) is equivalent to about 0.5 in
of global sea level (Table 11.3). Glaciers and ice caps are rather
sensitive to climate change; rapid changes in their mass are
possible, and are capable of producing an important contribution
to the rate of sea level rise. To evaluate this contribution, we need
to know the rate of change of total glacier ntass. Unfortunately
sufficient measurements exist to determine the mass balance
(see Box 11.2 for definition) for only a small minority of the
world's 105 glaciers.
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Table I1.3: Some physical characteristics of ice on Earth

Glaciers

Ice caps

G[aciers and
icecaps'

Greenland ice
sheet"

Antarctic ice
sheetb

Number

>160000

70

Area ( 10 61an2 )

0.43

0.24

0.68

1.71

12.37

Volume 10 6 kin')
Sea-level rise uivalent^

0.08
0.24

0.10
0.27

0.18 t 0.04
0.50t0.I0
1.9 ± 0.3

2.85
7.2'
1.4 ± 0.1

25.71
61.1`
5.1 ± 0.2

Accumulation (sea-level
equivalent, mmlyr) d

Data sources: Meier and Bahr (1996), Warrick et al. (1996). Reeh et al. (1999), Huybrechts et al. (2000), Tables 11.5 and 11.6'Including glaciers and ice caps on the margins of Greenland and the Antarctic Peninsula, which have a total area of 0.14 x 106 km2 (Weideck
and Morris, 1996). The total area of glaciers and ice-caps outside Greenland and Antarctica is 0.54 x 105 km2 (Dyurgerov and Meier, 1997a).
The glaciers and ice caps of Greenland and Antarctica are included again in the next two columns.
Grounded ice only, including glaciers and small ice caps.
° For the ice sheets, sea level rise equivalent is calculated with allowance for isostadc rebound and sea water replacing grounded ice, and this
therefore is less than the sea level equivalent of the ice volume.
d Assuming an oceanic area of 3.62 x 108 kmr.

A possible approximate approach to this problem is to group
glaciers into climatic regions, assuming glaciers in the same
region to have a similar specific mass balance. With this method,
we need to know only the specific mass balance for a typical
glacier in each region (Kuhn et at. 1999) and the total glacier
area of the region. Multiplying these together gives the rate of
change of glacier mass in the region. We then sum over all
regions.
In the past decade, estimates of the regional totals of area
and volume have been improved by the application of high
resolution remote sensing and, to a lesser extent, by radioecho-sounding. New glacier inventories have been published
for central Asia and the former Soviet Union (Dolgushin and
Osipova, 1989; Liu et al., 1992; Kuzmichenok, 1993; Shi et
al., 1994; Liu and Xie, 2000; Qin et at, 2000), New Zealand
(Chinn, 1991), India (Kaul, 1999) South America (Casassa,
1995; Hastenrath and Ames, 1995; Skvarca et at, Aniya et a!,
1997; Kaser, 1999; 1995; Kaser et al., 1996; Rott et al., 1998),
and new estimates made for glaciers in Antarctica and
Greenland apart from the ice sheets (Weidick and Morris,
1996).
By contrast, specific mass balance is poorly known.
Continuous mass balance records longer than 20 years exist
for about forty glaciers worldwide, and about 100 have records
of more than five years (Dyurgerov and Meier, 1997a). Very
few have both winter and summer balances; these data are
critical to relating glacier change to climatic elements
(Dyurgerov and Meier, 1999). Although mass balance is being
monitored on several dozen glaciers worldwide, these are
mostly small (<20 km2) and not representative of the size class
that contains the majority of the mass (>100 kill . The
geographical coverage is also seriously deficient; in particular,
we are lacking information on the most important maritime
glacier areas. Specific mass balance exhibits wide variation
geographically and over time (Figure 11.2). While glaciers in
most pans of the world have had negative mass balance in the

past 20 years, glaciers in New Zealand (Chinn, 1999; Lamont
et al., 1999) and southern Scandinavia (Tvede and Laumann,
1997) have been advancing, presumably following changes in
the regional climate.
Estimates of the historical global glacier contribution to
sea level rise are shown in Table 11.4. Dyurgerov and Meier
(1997a) obtained their estimate by dividing a large sample of
measured glaciers into seven major regions and finding the
mass balance for each region, including the glaciers around
the ice sheets. Their area weighted average for 1961 to 1990
was equivalent to 0.25 ± 0.10 mmlyr of sea level rise. Cogley
and Adams (1998) estimated a lower rate for 1961 to 1990.
However, their results may be not be representative of the
global average because they do not make a correction for the
regional biases in the sample of well investigated glaciers
(Oerlemans• 1999). When evaluating data based on observed
mass balance, one should note a worldwide glacier retreat
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Figure 11.2: Cumulative mass balance for 1952-1998 for three
glaciers in different climatic regimes: Hintereisfemer (Austrian
Alps). Nigardsbreen (Norway), Tuyuksu (Tien Shan, Kazakhstan).
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Table II.4: Estimates of historical contribution of glaciers to global average sea level rise.

Reference

Period

Rate of sea-level Remarks
rise (mm/yr)

Meier (1984)
Trupin et al. (1992)
Meier (1993)

1900 to 1961
1965 to 1984
1900 to 1961

0.46 ± 0.26
0.18
0.40

Zoo and Oerlemans (1997),
Oerlemans (1999)

1865 to 1990

0.22 ± 0.07'

196f to 1990
1961 to 1990

03
0.25 ± 0.10

1945 to 1995
approx.

0.13

Dyurgerov and Meier (1997b)
Dowdeswell et at (1997)

Gregory and Oerlemans ( 1998) 1860 to 1990
1960 to 1990

0.15'
0.26'

Observed temperature changes with mass balance
sensitivities estimated from precipitation in 100 regions
Area-weighted mean of observed mass balance
for seven regions
Observed mass balance, Arctic only
General Circulation Model (GCM) temperature
changes with mass balance sensitivities from Zoo and
Oerlemans (1997)

" These papers give the change in sea level over the period indicated, from which we have calculated the rate of sea level rise.

following the high stand of the middle 19th century and
subsequent small regional readvances around 1920 and 1980.
1I.2.2.2 Sensitivity to temperature change
A method of dealing with the lack of mass balance measurements
is to estimate the changes in mass balance as a function of climate,
using mass balance sensitivities (see Box 11.2 for definition) and
observed or modelled climate change for glacier covered regions.
Mass-balance modelling of all glaciers individually is not
practical because no detailed description exists for the great
majority of them, and because local climate data are not available;
even regional climate models do not have sufficient resolution,
while downscaling methods cannot generally be used because
local climate measurements have not been made (see Section
10.7). A number of authors have estimated past glacier net mass
loss using past temperature change with present day glacier
covered areas and mass balance sensitivities (Table 11.4). In this
report, we project future mass balance changes using regional
mass balance sensitivities which take account of regional and
seasonal climatic information, instead of using the heuristic model
of Wigley and Raper (1995) employed by Warrick et at (1996).
Meier (1984) intuitively scaled specific mass balance
according to mass balance amplitude (half the difference between
winter and summer specific mass balance). Braithwaite and
Zhang (1999) demonstrated a dependence of mass balance
sensitivity on mass balance amplitude. Oerlemans and Fortino
(1992) derived an empirical relationship between the mass
balance sensitivity of a glacier to temperature change and the
local average precipitation, which is the principal factor
determining its mass turnover rate. Zoo and Oerlemans (1997)
extended this idea by distinguishing the effects of temperature
changes in summer and outside summer; the former have a
stronger influence on mass loss, in general. They made a calculation of glacier net mass loss since 1865. For 1961 to 1990, they
obtained a rate of 0.3 mm/yr of sea level rise (i.e., a total of 8 mm,
Oerlemans, 1999), very similar to the result of Dyurgerov and

Meier (1997b). Gregory and Oerlemans (1998) applied local
seasonal temperature changes over 1860 to 1990 calculated by
the HadCM2 AOGCM forced by changing greenhouse gases and
aerosols (HadCM2 CS in Table 9.1) to the glacier model of Zoo
and Oerlemans.
Zoo and Oerlemans (1997), Gregory and Oerlemans (1998)
and Van de Wal and Wild (2001) all stress that the global average
glacier mass balance depends markedly on the regional and
seasonal distribution of temperature change. For instance,
Gregory and Oerlemans (1998) find that projected future glacier
net mass loss is 20% greater if local seasonal variation is
neglected, and 20% less if regional variation is not included. The
first difference arises because annual average temperature change
is greater than summer temperature change at high latitudes, but
the mass balance sensitivity is greater to summer change. The
second is because the global average temperature change is less
than the change at high latitudes, where most glaciers are found
(Section 9.3.2).
Both the observations of mass balance and the estimates
based on temperature changes (Table 11.4) indicate a reduction
of mass of glaciers and ice caps in the recent past, giving a contribution to global-average sea level of 0.2 to 0.4 mmtyr over the
last hundred years.
11.2.2.3 Sensitivity to precipitation change
Precipitation and accumulation changes also influence glacier
mass balance, and may sometimes be dominant (e.g. Raper et al.,
1996). Generally, glaciers in maritime climates are more sensitive
to winter accumulation than to summer conditions (Kuhn, 1984).
AOGCM experiments suggest that global-average annual mean
precipitation will increase on average by I to 3%/°C under the
enhanced greenhouse effect (Fieure 9.18). Glacier mass balance
modelling indicates that to compensate for the increased ablation
from a temperature rise of 1°C a precipitation increase of 20%
(Oerlemans, 1981) or 35% (Raper et at, 2000) would be
required. Van de Wal and Wild (2001) find that the effect of
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precipitation changes on calculated global-average glacier mass
changes in the 21st century is only 5% of the temperature effect
Such results suggest that the evolution of the global glacier mass
is controlled principally by temperature changes rather than
precipitation changes. Precipitation changes might be significant
in particular localities, especially where precipitation is affected
by atmospheric circulation changes, as seems recently to have
been the case with southern Scandinavian glaciers (Oerlemans,
1999).
11.2.2.4 Evolution of area
The above. calculations all neglect the change of area that will
accompany loss of volume. Hence they are inaccurate because
reduction of area will restrict the rate of melting. A detailed
computation of transient response with dynamic adjustment to
decreasing glacier sizes is not feasible at present, since the
required information is not available for most glaciers.
Oerlemans et at (1998) undertook such detailed modelling of
twelve individual glaciers and ice caps with an assumed rate of
temperature change for the next hundred years. They found that
neglecting the contraction of glacier area could lead to an overestimate of net mass loss of about 25% by 2100.
Dynamic adjustment of glaciers to a new climate occurs over
tens to hundreds of years (J6hannesson et at, 1989), the timescale being proportional to the mean glacier thickness divided by
the specific mass balance at the terminus. Since both quantities
are related to the size of the glacier, the time-scale is not
necessarily longer for larger glaciers (Raper et at. 1996; Bahr et
at, 1998), but it tends to be longer for glaciers in continental
climates with low mass turnover (Jdhannesson et at, 1989; Raper
et at, 2000).
Meier and Bahr (1996) and Bahr et a!. (1997), following
previous workers, proposed that for a glacier or an ice sheet in a
steady state there may exist scaling relationships of the form V
- A° between the volume V and area A, where c is a constant.
Such relationships seem well supported by the increasing
sample of glacier volumes measured by radio-echo-sounding
and other techniques, despite the fact that climate change maybe
occurring on time-scales similar to those of dynamic adjustment.
If one assumes that the volume-area relationship always holds,
one can use it to deduce the area as the volume decreases. This
idea can be extended to a glacier covered region if one knows the
distribution of total glacier area among individual glaciers,
which can be estimated using empirical functions (Meier and
Bahr, 1996; Bahr, 1997). Using these methods, Van de Wal and
Wild (2001) found that contraction of area reduces the estimated
glacier net mass loss over the next 70 years by 15 to 20% (see
also Section 11.5.1.1).
11.2.3 Greenland and Antarctic Ice Sheets
Together, the present Greenland and Antarctic ice sheets contain
enough water to raise sea level by almost 70 to (Table 11.3), so
that only a small fractional change in their volume would have a
significant effect. The average annual solid precipitation falling
onto the ice sheets is equivalent to 6.5 mm of sea level, this input
being approximately balanced by loss from melting and iceberg
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calving. The balance of these processes is not the same for the
two ice sheets, on account of their different climatic regimes.
Antarctic temperatures are so low that there is virtually no surface
mnoff; the ice sheet mainly loses mass by ice discharge into
floating ice shelves, which experience melting and freezing at
their underside and eventually break up to form icebergs. On the
other hand, summer temperatures on the Greenland ice sheet are
high enough to cause widespread melting, which accounts for
about half of the ice loss, the remainder being discharged as
icebergs or into small ice-shelves.
Changes in ice discharge generally involve response times of
the order of 102 to I04 years. The time-scales are determined by
isostasy, the ratio of ice thickness to yearly mass turnover,
processes affecting ice viscosity, and physical and thermal
processes at the bed. Hence it is likely that the ice sheets are still
adjusting to their past history, in particular the transition to interglacial conditions. Their future contribution to sea level change
therefore has a component resulting from past climate changes as
well as one relating to present and future climate changes.
For the 21st century, we expect that surface mass balance
changes will dominate the volume response of both ice sheets. A
key question is whether ice-dynamical mechanisms could operate
which would enhance ice discharge sufficiently to have an
appreciable additional effect on sea level rise.
11.2.3.1 Mass balance studies
Traditionally, the state of balance of the polar ice sheets has been
assessed by estimating the individual mass balance terms, and
making the budget. Only the mass balance of the ice sheet resting
on bedrock (the grounded ice sheet) needs to be considered,
because changes in the ice shelves do not affect sea level as they
are already afloat. Recent mass balance estimates for Greenland
and Antarctica are shown in Tables 11.5 and 11.6. Most progress
since the SAR has been made in the assessment of accumulation,
where the major obstacle is poor coverage by in situ measurements. New methods have made use of atmospheric moisture
convergence analysis based on meteorological data, remotely
sensed brightness temperatures of dry snow, and GCMs (see
references in the tables). Recent accumulation estimates display
a tendency for convergence towards a common value, suggesting
a remaining error of less than 10% for both ice sheets.
For Greenland (Table 11.5), runoff is an important term but
net ablation has only been measured directly at a few locations
and therefore has to be calculated from models, which have
considerable sensitivity to the surface elevation data set and the
parameters of the melt and refreezing methods used (Reeh and
Starzer, 1996; Van de Wal, 1996; Van de Wal and Ekholm, 1996;
Janssens and Huybrechts, 2000). Summing best estimates of the
various mass balance components for Greenland gives a balance
of -8.5 ± 10.2% of the input, or+0.12 ± 0.15 mm/yr of global sea
level change, not significantly different from zero.
During the last five years, some mass balance estimates have
been made for individual Greenland sectors. A detailed comparison of the ice flux across the 2,000 to contour with total accumulation revealed most of the accumulation zone to be near to
equilibrium, albeit with somewhat larger positive and negative
local imbalances (Thomas et at, 1998, 2000). These results are
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Table 11.5: Current state of balance of the Greenland ice Sheet (10 12 kely,).
Source and remarks

B
A
Accumulation Runoff

D
C
Iceberg
Net
accumulation production

Reason (1962)
Bauer(1968)
Weidick (1984)
Ohmun and Reels (1991): New accumulation map
Huybrechts et at (1991): Degree-day model on 20 km grid
Robasky and Bromwich (1994): Atmospheric moisture budget
analysis from radiosonde data, 1963-1989
Giovineuo and Zwally (1995a): Passive microwave data of dry snow
Van de Wal (1996): Energy-Balance model on 20 kin grid
Jung-Rothenhausler (1998): Updated accumulation map
Reeh et at. (1999)
Ohmura et all. (1999): Updated accumulation map with GCM data;
runoff from ablation-summer temperature parametrization
Janssens and HuybtecMs (2000): recalibrated degree-day model on
5 km grid; updated precipitation and surface elevation maps
Zwally and Giovinetto (2000): Updated calculation on 50 km grid
Mean and standard devation

500
500
500
535
539
545

272
330
295

228
170
205

256

283

316

223

276
347

271
169

542

281

261

520±26

297 } 32

216°
225±41

461'
539
510
547
516

F
E
Bobjento
Balance
writing _

215
280
205

239

32

t0

235 133

32±3`

-44+-53"

' NonnaBSed to ice sheet area of 1.676x 106km2 (Ohmma and Reel, 1991),
a Difference between net accumulation above the equilibrium line and net ablation below the equilibrium line
` Melting below the fringing ice shelves in north and northeast Greenland ( Rignot ct of, 1997).
e Including the ice shelves, but nearly identical to the grounded ice sheet balance because the absolute magnitudes of the other ice-shelf balance tenns
(accumulation, runoff, ice-dynamic imbalarce) are very small compared to those of the ice sheet (F=A-B-0.E).

Table 11.6: Current state of balance of the Antarctic ice sheet (10t2 kg/y,).
Source and remarks

A
Accumulation
over
grounded ice

Kodyakov et al. (1978)
1800
Budd anit Smith (1985)
1528
Jacobs et at (1992). Ice shelf melting from observations of melt
water outflow, glaciological field studies and ocean modelling.
1752'
Giovinetto and ZwaBy (I 995a). Passive microwave data of dry snow.
Budd et at. (1995). Atmospheric moisture budget analysis from
GASP data, 1989 to 1992.
Jacobs et at. (1996). Updated ice-shelf melting assessment.
Bromwich et n!. (1998). Atmospheric moisture budget analysis from
ECMWF reanalysis and evapoatioN sublimation forecasts, 1985 to 1993.
'Nrcer et al. (1999). Atmospheric moisture budget analysis from
ECMWF reanalysis, 1979 to 1993.
1811
Vaughan et at (1999). 1800 in siN measurements interpolated using
passive microwave control field.
1924
Huybrechts et al. (2000). Updated accumulation map.
1883'
Giovinetto and Zwally (2000). Updated map on 50 km grid.
1843t76"
Mean and standard deviation

D
Runoff

E
Iceberg
production

320

60

544

53

2400
1g00
2016

10±10`

2072+304

C
B
Accumulation Ice shelf
melting
ever all
ice sheet
2000
2000
2144

F
Flux accom
grounding
line
1620

2279'
2190°
756
2190a
2106
2288
2344
2326'
2246±86°

540t218

' Normalised to include the Antarctic peninsula.
h Specific net accumulation multiplied by total area o(13.95x10e kmt (F»x and Cooper, 1994).
` Normalised to include the Antarctic Peninsula, and without applying a combined deflation and ablation adjustment.
4 Mean and standard deviation based only on accumulation studies published since 1995.
° Estimate by the authors.
Themassbalaneeoftheiceshcetincluding¢eshelvescanbeestimatedas B-C-o-E- 3763384xlOtt kptyr, which is -16.7t1"!.1%of the total input B.
shelves) would imply that O=F+(B A) C-E, in which case
Assuming the ice shelve, are in balance ( and noting that the runoff derives from the grounded ice, not the ice
the flux across the grounding line would be F=A-B+C+E =2209 ± 391 x10t2 kp/yr.
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likely to be only little influenced by short-term variations,
because in the ice sheet interior, quantities that determine ice flow
show little variation on a century time-scale. Recent studies have
suggested a loss of mass in the ablation zone (Rignot at at, 1997;
Ohmura et at, 1999), and have brought to light the important role
played by bottom melting below floating glaciers (Reeh et al.,
1997, 1999; Rignot et at, 1997); neglect of this term led to
erroneous results in earlier analyses.
For Antarctica (Table 11.6), the ice discharge dominates the
uncertainty in the mass balance of the grounded ice sheet,
because of the difficulty of determining the position and
thickness of ice at the grounding line and the need for assumptions about the vertical distribution of velocity. The figure of
Budd and Smith (1985) of 1,620x1012 kg/yr is the only available
estimate. Comparing this with an average value of recent
accumulation estimates for the grounded ice sheet would suggest
a positive mass balance of around +10%n of the total input,
equivalent to -0.5 mm/yr of sea level. Alternatively, the flux
across the grounding line can be obtained by assuming the ice
shelves to be in balance and using estimates of the calving rate
(production of icebergs), the rate of melting on the (submerged)
underside of the ice shelves, and accumulation on the ice shelves.
This results in a flux of 2,209 ± 391x1012 kg/yr across the
grounding line and a mass balance for the grounded ice equivalent to +1.04 ± 1.06 mm/yr of sea level (Table 11.6). However,
the ice shelves may not be in balance, so that the error estimate
probably understates the true uncertainty.
11.2.3.2 Direct monitoring of surface elevation changes
Provided that changes in ice and snow density and bedrock
elevation are small or can be determined, elevation changes can
be used to estimate changes of mass of the ice sheets. Using
satellite altimetry, Davis at al. ( 1998) reported a small average
thickening between 1978 and 1988 of 15 ± 20 mm/yr of the
Greenland ice sheet above 2,000 m at latitudes up to 72°N.
Krabill at al. ( 1999) observed a similar pattern above 2,000 in
from 1993 to 1998 using satellite referenced, repeat aircraft laser
altimetry. Together, these results indicate that this area of the
Greenland ice sheet has been nearly in balance for two decades,
in agreement with the mass budget studies mentioned above
(Thomas et at, 2000). Krabill et al. ( 1999) observed markedly
different behaviour at lower altitudes, with thinning rates in
excess of 2 mtyr in the south and east, which they attributed in
part to excess flow, although a series of warmer-than-average
summers may also have had an influence. In a recent update,
Krabill at at (2000) find the total ice sheet balance to be
-46x]012 kglyr or 0.13 mm/yr of sea level rise between 1993 and
1999, but could not provide an error bar. Incidentally, this value
is very close to the century time-scale imbalance derived from the
mass budget studies ( Table 11.5), although the time periods are
different and the laser altimetry results do not allow us to distinguish between accumulation, ablation, and discharge.
Small changes of ± I1 mm/yr were reported by Lingle and
Covey ( 1998) in a region of East Antarctica between 20° and
160°E for the period 1978 to 1988. Wingham at at (1998)
examined the Antarctic ice sheet north of 82°S from 1992 to
1996, excluding the marginal zone. They observed no change in
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East Antarctica to within ± 5 mm/yr, but reported a negative trend
in West Antarctica of -53 ± 9 mm/yr, largely located in the Pine
Island and Thwaites Glacier basins. They estimated a centuryscale mass imbalance of -6% ± 8% of accumulation for 63% of
the Antarctic ice sheet, concluding that the thinning in West
Antarctica is likely to result from a recent accumulation deficit.
However, the measurements of Rignot ( 1998a), showing a 1.2 ±
0.3 kndyr retreat of the grounding line of Pine Island Glacier
between 1992 and 1996, suggest an ice-dynamic explanation for
the observed thinning. Altimetry records are at present too short
to confidently distinguish between a short-term surface massbalance variation and the longer-tenn ice-sheet dynamic
imbalance. Van der Veen and Bolzan ( 1999) suggest that at least
five years of data are needed on the central Greenland ice sheet.
11.2.3.3 Numerical modelling
Modelling of the past history of the ice sheets and their underlying
beds over a glacial cycle is a way to obtain an estimate of the
present ice-dynamic evolution unaffected by short-term (annual to
decadal) mass-balance effects. The simulation requires timedependent boundary conditions (surface mass balance, surface
temperature, and sea level, the latter being needed to model
grounding-l;-ne changes). Current glaciological models employ
grids of 20 to 40 km horizontal spacing with 10 to 30 vertical layers
and include ice shelves, basal sliding and bedrock adjustment.
Huybrechts and De Wolde (1999) and Huybreehtc and Le
Meur (1999) carried out long integrations over two glacial cycles
using 3-D models of Greenland and Antarctica, with forcing
derived from the Vostok (Antarctica) and Greenland Ice Core
Project (GRIP) ice cores. The retreat history of the ice sheet along
a transect in central west Greenland in particular was found to be
in good agreement with a succession of dated moraines (Van
Tatenhove at al., 1995), but similar validation elsewhere is limited
by the availability of well-dated material. Similar experiments
were conducted as part of the European Ice Sheet Modelling
Initiative (EISMINT) intercomparison exercise (Huybrechts at at,
1998). These model simulations suggest that the average
Greenland contribution to global sea level rise has been between
-0.1 and 0.0 mnJyr in the last 500 years, while the Antarctic
contribution has been positive. Four different Antarctic models
yield a sea level contribution of between +0.1 and +0.5 mm/yr
averaged over the last 500 years, mainly due to incomplete
grounding-line retreat of the West Antarctic ice sheet (WAIS)
since the Last Glacial Maximum (LGM) (Figure 11.3). However,
substantial uncertainties remain, especially for the WAIS, where
small phase shifts in the input sea level time-series and inadequate
representation of ice-stream dynamics may have a significant
effect on the model outcome. Glacio-isostatic modelling of the
solid earth beneath the Antarctic ice sheet with prescribed ice
sheet evolution (James and Ivins, 1998) gave similar uplift rates as
those presented in Huybrechts and Le Meur (1999), indicating
that the underlying ice sheet scenarios and bedrock models were
similar, but observations are lacking to validate the generated
uplift rates. By contrast, Budd et a!. (1998) find that Antarctic ice
volume is currently increasing at a rate of about 0.08 mm/yr of sea
level lowering because in their modelling the Antarctic ice sheet
was actually smaller during the LGM than today (for which there

Changes in Sea Level

653
EISMINT ice-sheet evolution
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Figure 113: Modelled evolution of ice sheet volume (represented as
sea level equivalent) centred at the present time resulting from ongoing
adjustment to climate changes over the last glacial cycle. Data are
from all Antarctic and Greenland models that participated in the
EISMBNT intercomparison exercise (From Huybrechts et al., 1998).

is, however, little independent evidence) and the effect of the
higher accumulation rates during the Holocene dominates over the
effects of grounding line changes.
Model simulations of this kind have not included the
possible effects of changes in climate during the 20th century.
The simulations described later (Section 11.5.1.1), in which an
ice sheet model is integrated using changes in temperature and
precipitation derived from AOGCM simulations, suggest that
anthropogenic climate change could have produced an additional
contribution of between -0.2 to 0.0 mm/yr of sea level from
increased accumulation in Antarctica over the last 100 years, and
between 0.0 and 0.1 mm/yr from Greenland, from both increased
accumulation and ablation. The model results for Greenland
exhibit substantial interannual variability. Furthermore, because
of rising temperatures during the 20th century, the contribution
for recent decades is larger than the average for the century.
These points must be home in mind when comparing with results
of the direct observation methods for short periods in recent
decades (Sections I t.2.3.1 and 11,2.3.2). Note also that the
observational results include the ongoing response to past climate
change as well as the effect of 20th century climate change.
11.2.3.4 Sensitivity to climatic change
The sensitivity of the ice sheet's surface mass balance has been
studied with multiple regression analyses, simple meteorological models, and GCMs (Table 11.7). Most progress since the
SAR has been made with several coupled AOGCMs, especially
in the "time slice" mode in which a high-resolution AGCM
(Atmospheric General Circulation Model) is driven by output
from a low-resolution transient AOGCM experiment for a
limited duration of time. Model resolution of typically 100 km
allows for a more realistic topography crucial to better

resolving temperature gradients and orographic forcing of
precipitation along the steep margins of the polar ice sheets.
Even then, GCMs do not yet perform well in reproducing
melting directly from the surface energy fluxes. The ablation
zone around the Greenland ice sheet is mostly narrower than
100 km, and the important role played by topography therefore
requires the use of downsca@ng techniques to transfer information to local and even finer grids (Glover, 1999). An additional
complication is that not all melt water runs off to the ocean and
can be partly retained on or in the ice sheet (Pfeffer et al., 1991;
Janssens and Huybrechts, 2000).
For Greenland, estimates of the sensitivity to a 1°C local
warming over the ice sheet are close to 0.3 mm/yr (with a total
range of +0.1 to +0.4 mm/yr) of global sea level equivalent. This
range mainly reflects differences in the predicted precipitation
changes and the yearly distribution of the temperature increase,
which is predicted to be larger in winter than in summer in the
GCMs, but is assumed uniform in the studies of Van de Wal
(1996) and Janssens and Huybrechts (2000). Another difference
amongst the GCM results concerns, the time window over which
the sensitivities are assessed. The CSIR09/P63 sensivities are
estimated from high-resolution runs forced with observed SSTs
for the recent past (Smith et al., 1998; Smith, 1999), whereas the
ECHAM data are given as specific mass balance changes for
doubled minus present atmospheric CO, Thompson and Pollard
(1997) report similar results to the ECHAM studies but the
corresponding sensitivity value could not be calculated because
the associated temperature information is not provided. Some
palaeoclimatic data from central Greenland ice cores indicate
that variations in precipitation during the Holocene are related to
changes in atmospheric circulation rather than directly to local
temperature (Kapsner et aL, 1995; Cuffey and Clow, 1997), such
that precipitation might not increase with temperature (in
contrast with Clausen et at, 1988). For glacial-interglacial transitions, the ice cores do exhibit a strong positive correlation
between temperature and precipitation (Dansgaard et al., 1993;
Dahl-Jensen et al., 1993; Kapsner et at., 1995; Cuffey and
Marshall, 2000), as simulated by AOGCMs for anthropogenic
warming. Although other changes took place at the glacialinterglacial transition, this large climate shift could be argued to
be a better analogue for anthropogenic climate change than the
smaller fluctuations of the Holocene. To allow for changes in
circulation patterns and associated temperature and precipitation
patterns, we have used time-dependent AOGCM experiments to
calculate the Greenland contribution (Section 11.5.1).
For Antarctica, mass-balance sensitivities for a 1°C local
warming are close to -0.4 mm/yr (with one outlier of -0.8
mm/yr) of global sea level equivalent. A common feature of all
methods is the insignificant role of melting, even for summer
temperature increases of a few degrees, so that only accumulation
changes need to be considered. The sensitivity for the case that
the change in accumulation is set proportional to the relative
change in saturation vapour pressure is at the lower end of the
sensitivity range, suggesting that in a warmer climate changes in
atmospheric circulation and increased moisture advection can
become equally important, in particular close to the ice sheet
margin (Bromwich, 1995; Steig, 1997). Both ECHAM3 and
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Table 11.7: Mass balance aensitiriry of the Greenland and Antarctic ice sheets to a 1°C local climatic warming.

Source

d6/dT
Method
(mmlyrl°C)

Greenland ice sheet

+031'
+0.41
[+0.04]`d
[-0.306]0

Energy balance model calculation on 20 km grid
ECHAM3/I'106time slice [2xCOz-IxCO2]

Janssens and Huybrechts (2000)

+0.35'
[+0.26] b

Recalibrated degree-day model on 5 kin grid with new precipitation
and surface elevation maps

Wild and Ohmura (2000)

+0.09`
[-0.13]m

ECHAM4-OPYC3/T106 GCM time slice [2xCO2 -1xCOz]

Huybrechts and Oerlemans (1990)

-0.36

Giovinetto and Zwally (1995b)

-0.80 `

Change in accumulation proportional to saturation
vapour pressure
Multiple regression of accumulation to sea-ice extent
and temperature

Ohmura et al. (1996)
Smith et al. (1998)

-0.41`
-0.40

ECHAM37C106time slice [2xCO2-1xCO2]
CSIRO911'63 GCM forced with SSTs 1950-1999

Wild and Ohmura (2000)

-0.48`

ECHAM4-OPYC31T106time slice [2xC02- IxCOr]

Van de Wal 1996
Ohmura et al. (1996)
Smith (1999)

CSIRO9/T63 GCM forced with SSTs 1950-1999

Antarctic ice sheet

dB/dT Mass balance sensitivity to local temperature change expressed as sea level equivalent. Note that this is not a sensitivity to global average
temperature change.
' Constant precipitation.
Including 5% increase in precipitation.
° Estimated from published data and the original time slice results.
° Accumulation changes only.
° Assuming sea-ice edge retreat of 150 km per °C.

ECHAM4/OPYC3 give a similar specific balance change over
the ice sheet for doubled versus present atmospheric CO2 to that
found by Thompson and Pollard (1997).
In summary, the static sensitivity values suggest a larger
role for Antarctica than for Greenland for an identical local
temperature increase, meaning that the polar ice sheets
combined would produce a sea level lowering, but the spread of
the individual estimates includes the possibility that both ice
sheets may also balance one another for doubled atmospheric
CO2 conditions (Ohmura et al., 1996; Thompson and Pollard,
1997). For CO2 increasing according to the TS92a scenario
(without aerosol), studies by Van de Wal and Oerlemans (1997)
and Huybrechts and De Wolde (1999) calculated sea level
contributions for 1990 to 2100 of +80 to +100 mm from the
Greenland ice sheet and about -80 mm from the Antarctic ice
sheet. On this hundred year time-scale, ice-dynamics on the
Greenland ice sheet was found to counteract the mass-balanceonly effect by between 10 and 20%. Changes in both the areaelevation distribution and iceberg discharge played a role,
although the physics controlling the latter are poorly known and
therefore not well represented in the models. Because of its
longer response time-scales, the Antarctic ice sheet hardly
exhibits any dynamic response on a century time-scale, except
when melting rates below the ice shelves were prescribed to rise
by in excess of I m/yr (O'Farrell et at, 1997; Warner and Budd,
1998; Huybrechts and De Wolde, 1999; see also Section
11.5.4.3).

11.2.4

Interaction of Ice Sheets, Sea Level and the Solid
Earth

11.2.4.1 Eustasy, isostasy and glacial-interglacial cycles
On time-scales of 103 to 105 years, the most important processes
affecting sea level are those associated with the growth and decay
of the ice sheets through glacial-interglacial cycles. These contributions include the effect of changes in ocean volume and the
response of the earth to these changes. The latter are the glaciohydro-isostatic effects: the vertical land movements induced by
varying surface loads of ice and water and by the concomitant
redistribution of mass within the Earth and oceans. While major
melting of the ice sheets ceased by about 6,000 years ago, the
isostatic movements remain and will continue into the future
because the Earth's viscous response to the load has a time
constant of thousands of years. Observational evidence indicates
a complex spatial and temporal pattern of the resulting isostatic
sea level change for the past 20,000 years. As the geological
record is incomplete for most parts of the world, models
(constrained by the reliable sea level observations) are required to
describe and predict the vertical land movements and changes in
ocean area and volume. Relative sea level changes caused by
lithospheric processes, associated for example with tectonics and
mantle convection, are discussed in Section 11.2.6.
Figure 11.4 illustrates global-average sea level change over
the last 140,000 years. This is a composite record based on
oxygen isotope data from Shackleton (1987) and Linsley
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Figure 11.4: Estimates of global sea level change over the last 140.000 years (continuous line) and contributions to this change from the major
ice sheets: (i) North America, including Laurentia, Cordilleran ice, and Greenland, (ii) Northern Europe (Fennoscandia), including the Barents
region, (iii) Antarctica. (From Lambeck, 1999.)

(1996), constrained by the Huon terrace age-height relationships of Chappell et al. (1996a), the estimate of the LGM sea
level by Yokoyama at al. (2000), the late glacial eustatic sea
level function of Fleming et al. (1998), and the timing of the
Last Interglacial by Stirling at at (1998). These fluctuations
demonstrate the occurrence of sea level oscillations during a
glacial-interglacial cycle that exceed 100 to in magnitude at
average rates of up to 10 mm/year and more during periods of
decay of the ice sheets and sometimes reaching rates as high as
40 mm/year (Bard et al., 1996) for periods of very rapid ice
sheet decay. Current best estimates indicate that the total LGM
land-based ice volume exceeded present ice volume by 50 to
53x106 km3 (Yokoyama at at, 2000).

Local sea level changes can depart significantly from this
average signal because of the isostatic effects. Figure 11.5
illustrates typical observational results for sea level change since
the LGM in regions with no significant land movements other than
of a glacio-hydro-isostatic nature. Also shown are model predictions for these localities, illustrating the importance of the isostatic
effects. Geophysical models of these isostatic effects are well
developed (see reviews by Lambeck and Johnston, 1998; Peltier,
1998). Recent modelling advances have been the development of
high-resolution models of the spatial variability of the change
including the detailed description of ice loads and of the melt-water
load distribution (Mitrovica and Peltier, 1991; Johnston, 1993) and
the examination of different assumptions about the physics of the
earth (Peltier and Jiang, 1996; Johnston etal., 1997; Kaufmann and
Wolf, 1999; Tromp and Mitrovica, 1999).

Information about the changes in ice sheets come from field
observations, glaciological modelling, and from the sea level
observations themselves. Much of the emphasis of recent work on
glacial rebound has focused on improved calculations of ice sheet
parameters from sea level data (Peltier, 1998; Johnston and
Lambeck, 2000; see also Section 11.3.1) but discrepancies
between glaciologically-based ice sheet models and models
inferred from rebound data remain, particularly for the time of,
and before, the LGM. The majority of ice at this time was
contained in the ice sheets of Laurentia and Fennoscandia but their
combined estimated volume inferred from the rebound data for
these regions (e.g., Nakada and Lambeck, 1988; Tushingham and
Peltier, 1991, 1992; Lambeck et al., 1998) is less than the total
volume required to explain the sea level change of about 120 to
125 to recorded at low latitude sites (Fairbanks, 1989; Yokoyama
at at, 2000). It is currently uncertain how the remainder of the ice
was distributed. For instance, estimates of the contribution of
Antarctic ice to sea level rise since the time of the LGM range
from as much as 37 m(Nakada and Lambeck, 1988) to 6 to 13 to
(Bentley, 1999; Huybtrxhts and Le Meur, 1999). Rebound
evidence from the coast of Antarctica indicates that ice volumes
have changed substantially since the LGM (Zwartz et at, 1997;
Bentley, 1999) but these observations, mostly extending back only
to 8,000 years ago, do not provide good constraints on the LGM
volumes. New evidence from exposure age dating of moraines and
rock surfaces is beginning to provide new constraints on ice
thickness in Antarctica (e.g., Stone et at, 1998) but the evidence is
not yet sufficient to constrain past volumes of the entire ice sheet.
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p5gure 115: Examples of observed relative sea level change (with
error bars, right-hand side) and model predictions for four different
locations. The model predictions (left-hand side) are for the glaciohydro-eustatic contributions to the total change (solid line, right hand
side). (a) Angennann River, Sweden, near the centre of the former
ice sheet over Scandinavia. The principal contribution to the sea level
change is the crustal rebound from the ice unloading (curve marked
ice, left-hand side) and from the change in ocean volume due to the
melting of all Late Pleistocene ice sheets (curve marked esl). The
combined predicted effect, including a small water loading term (not
shown), is shown by the solid line (right-hand side), together with
the observed values. (b) A location new Stirling, Scotland. Here the
ice and es] contributions are of comparable magnitude but opposite
sign (left-hand side) such that the rate of change of the total contribution changes sign (right-hand side). This result is typical for locations
near former ice margins or from new the centres of small ice sheets.
(c) The south of England where the isostatic contributions from the
water (curve marked water) and ice loads are of similar amplitude
but opposite sign. The dominant contribution to sea level change is
now the eustatic contribution. This behaviour is characteristic of
localities that lie well beyond the ice margins where a peripheral
bulge created by the ice load is subsiding as mantle material flows
towards the region formerly beneath the ice. (d) A location in
Australia where the melt-water load is the dommant cause of
isostatic adjustment. Here sea level has been falling for the past
6,000 years. This result is characteristic of continental margin sites
far from the former areas of glaciation. (From Lambeck, 1996.)
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17.2.4.2 Earth rotation constraints on recent sea level rise
Changes in the Earth's ice sheets introduce a time-dependency
in the Earth's inertia tensor whose consequences are observed
both in the planet's rotation (as an acceleration in its rotation
rate and as a shift in the position of the rotation axis) and in the
acceleration of the rotation of satellite orbits about the Earth
(Wu and Peltier, 1984; Lambeck, 1988). Model estimates of
these changes are functions of mass shifts within and on the
Earth and are dependent, therefore, on the past ice sheet
geometries, on the Earth's rheology, and on the recent past and
present rates of melting of the residual ice sheets. Other
geophysical processes also contribute to the time-dependence
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of the rotational and dynamical parameters (e.g. Steinberger
and O'Connell, 1997). Hence, unique estimates of recent
melting cannot be inferred from the observations.
Some constraints on the present rates of change of the ice
sheets have, nevertheless, been obtained, in particular through a
combination of the rotational observations with geological and
tide gauge estimates of sea level change (Wahr et at, 1993;
Mitrovica and Milne, 1998; Peltier, 1998; Johnston and Lambeck,
1999). Results obtained so far are preliminary because observational records of the change in satellite orbits are relatively short
(Nerem and Klosko. 1996; Cheng et at, 1997) but they will
become important as the length of the record increases. Peltier
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(1998) has argued that if the polar ice sheets contributed, for
example, 0.5 mmtyr to the global sea level rise, then the rotational
constraints would require that most of this melting derived from
Greenland. Johnston and Lambeck (1999) concluded that a
solution consistent with geological evidence, including constraints
on sea level for the past 6,000 years (Section 11.3.1), is for a nonsteric sea level rise (i.e., not resulting from ocean density changes)
of 1.0 f 0.5 mmlyr for the past ]00 years, with 5 to 30%
originating from Greenland melting. However, all such estimates
are based on a number of still uncertain assumptions such that the
inferences are more indicative of the potential of the methodology
than of actual quantitative conclusions.
11.2.5 Surface and Ground Water Storage and Permafrost
An important contribution to present day sea level rise could
result from changes in the amount of water stored in the ground,
on the surface in takes and reservoirs, and by modifications to
surface characteristics affecting runoff or evapotranspiration
rates. Changing practices in the use of land and water could make
these terms larger in future. However, very little quantitative
information is available. For some of the components of the
terrestrial water budget, Gomitz et at (1997), updated by Gornitz
(2000), give net results which differ substantially from those of
Sahagian (2000) and VSrosmarty and Sahagian (2000), and also
from those of Sahagian et at (1994) used by Warrick et at
(1996). The largest positive contribution to sea level probably
comes from ground water mining, which means the extraction of
ground water from storage in aquifers in excess of the rate of
natural recharge. Gomitz et at (1997) estimate that ground water
is mined at a rate that has been increasing in time, currently
equivalent to 0.2 to 1.0 mm/yr of sea level, but they assume that
much of this infiltrates back into aquifers so the contribution to
sea level rise is only 0.1 to 0.4 mm/yr. Sahagian (2000) considers
fewer aquifers; consequently he obtains a smaller total of 0.17
mm/yr from mining, but assumes that all of this water eventually
reaches the ocean through the atmosphere or mnoff. If Sahagian's
assumption were applied to the inventory of Gomitz et al. it
would imply a sea level contribution of 0.2 to 1.0 mm/yr.

Volumes of many of the world's large lakes have been
reduced in recent decades through increased irrigation and other
water use. Sahagian et al. (1994) and Sahagian (2000) estimate
that the reduced volumes of the Caspian and Aral Seas (and
associated ground water) contribute 0.03 and 0.18 mm/year to
sea level rise, on the assumption that the extracted water reaches
the world ocean by evapotranspiration. Recent in situ records and
satellite altimetry data indicate that substantial fluctuations in the
level of the Caspian Sea can occur on decadal time-scales
(Cazenave et at, 1997) which suggests that short records may not
give a good indication of the long-term average. The reduction of
lake volumes in China may contribute a further 0.005 mm/yr (Shi
and Zhou, 1992). Assuming there are no other large sources, we
take 0.2 mm/yr as the upper limit of the present contribution to
sea level from lakes. Gomitz et at (1997) do not include a term
from lake volume changes, because they assume the water
extracted for irrigation largely enters the ground water rather than
the world ocean, so we take zero as the lower limit.
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Gornitz et al. (1997) estimate there is 13.6 mm of sea level
equivalent impounded in reservoirs. Most of this capacity was
created, at roughly a constant rate, from 1950 to 1990. This rate
of storage represents a reduction in sea level of 0.34 mm/yr.
They assume that annually 5 ± 0.5% of the water impounded
seeps into deep aquifers, giving a 1990 rate of seepage of 0.61
to 0.75 mm/yr, and a total volume of 15 mm sea level equivalent. We consider that this represents an upper bound, because
it is likely that the rate of seepage from any reservoir will
decrease with time as the surrounding water table rises, as
assumed by Sahagian ( 2000). On the basis of a typical porosity
and area affected, he estimates that the volume trapped as
ground water surrounding reservoirs is 1.2 times the volume
impounded in reservoirs. His estimate of the storage in
reservoirs is 14 to 28 mm sea level equivalent; hence the ground
water storage is an additional 17 to 34 mm sea level equivalent.
Lack of global inventories means that these estimates of storage
may well be too small because of the many small reservoirs not
taken into account ( rice paddies, ponds, etc., provided they
impound water above the water table) ( Viirosmarty and
Sahagian, 2000). The total stored could be up to 50% larger
(Sahagian, 2000).
Gornitz el a!. ( 1997) estimate that evapotranspiration of
water from irrigated land leads to an increase in atmospheric
water content and hence a fall in sea level of 0.14 to 0.15
mm/yr. We consider this to be an overestimate, because it
implies a 20th century increase in global tropospheric water
content which substantially exceeds observations (Section
2.5.3.2). They further suggest that irrigation water derived from
surface sources may infiltrate into aquifers, removing 0.40 to
0.48 mm/yr of sea level equivalent, based on the same assumption as for seepage from reservoirs. Urbanisation leads to
reduced infiltration and increased surface runoff, which Gomitz
et al. (1997) estimate may contribute 0.35 to 0.41 nun/yr of sea
level rise. We consider these two terms to be upper bounds
because, as with infiltration from reservoirs, a new steady state
will be achieved after a period of years, with no further change
in storage.
Estimates of the water contributed by deforestation are 0.1
mm/yr (Gornitz et at. 1997) and 0.14 mm/yr (Sahagian, 2000)
of sea level rise. Water released by oxidation of fossil fuels,
vegetation and wetlands loss is negligible (Gomitz et at, 1997).

Gomitz et al. (1997) estimate the total contribution to the
1990 rate of sea level change as -1.2 to -0.5 mmlyr. Integrating
their estimates over 1910 to 1990 gives between -32 and
-11 mm of sea level rise. In contrast, the estimate of
VSrosmarty and Sahagian (2000) for the rate of sea level
change from terrestrial storage is 0.06 mm/yr, equivalent to 5.4
mm over 80 years. The estimate of Sahagian et at ( 1994),
quoted by Warrick et at ( 1996), was 12 mm during the 20th
century. These discrepancies emphasise again the unsatisfactory knowledge of these contributions to sea level change.
Table 11.8 shows the ranges we have adopted for the
various terms, based on the foregoing discussion. We integrate
these terms over 1910 to 1990. (We use the time profiles of
Gomitz et al. (1997) except that the infiltration from reservoirs
is based on the approach of Sahagian ( 2000), and the rate of
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Table 11.8: Est/mates of terrestrial storage tennr. The values given are those of Gorni < et at (1997) and Sahagum (2000). The estimates used in
this report are the maximum and min'rmum values from these two studies. 77te average rates over the period 191010/990 are obtained by integmting
the decadal averages using the time history of contributions estimated by Gornitz el at (1997).

Rate of sea level rise for 1990 (mmtyr)
Ills assessment
Gornitz et at (1997) Sahagian (2000)
max
max
min
min
max
min

-0.38

-0.30

+0.17
+0.2
-0.35
-0.70

-0.61

-0.84

Eva potranspiration

-0.75
-0.15

Infiltration from irri gation
Runoff from urbanisation

-0.48
+0.35

Groundwater minin g
Lakes
Impo undment in reservoirs
Infiltration from reservoirs

Deforestation

+0.1

+0.4
0.0

+0.1

Average rate
1910 to 1990 (mm/yr)
min

max

+0.1
0.0
-0.7

+1.0
+0.2
-0.3

0.0
0.0
-0.4

0.5
0.1
-0.2

-0.8

-0.14

0.0

-0.I

-0.4
0.0

-0.5
-0.1

-0.2
0.0

-0.40
+0.41

0.0
0.0

-0.5
0.'L_

0.0
+0.4

-0.2
0.0

0.0
0.1

+0.1

0.14

0.1

0.1

-L9

+1.0

-I.l

0.4

-0.42

+0.14

Total

withdrawal from lakes is assumed constant over the last five
decades.) This gives a range of -83 to +30 mm of sea level
equivalent, or -l.l to +0.4 mm/yr averaged over the period.
However note that the rate of each of the terms increases during
the 20th century.
This discussion suggests three important conclusions: (i)
the effect of changes in terrestrial water storage on sea level
may be considerable; (ii) the net effect on sea level could be of
either sign, and (iii) the rate has increased over the last few
decades (in the assessment of Gornitz et at (1997) from near
zero at the start of the century to -0.8 mmlyr in 1990).
Estimates of ice volume in northern hemisphere permafrost
range from 1.1 to 3.7x1011 m' (Zhang et at, 1999), equivalent
to 0.03 to 0.10 on of global-average sea level. It occupies 25%
of land area in the northern hemisphere, The major effects of
global warming in presently unglaciated cold regions will be
changes in the area of permafrost and a thickening of the active
layer (the layer of seasonally thawed ground above permafrost).
Both of these factors result in conversion of ground ice to liquid
water, and hence in principle could contribute to the sea level
change. Anisimov and Nelson (1997) estimated that a 10 to
20% reduction of area could occur by 2050 under a moderate
climate-change scenario. In the absence of information about
the vertical distribution of the ice, we make the assumption that
the volume change is proportional to the area change. By 2100,
the upper limit for the conversion of permafrost to soil water is
thus about 50% of the total, or 50 mm sea level equivalent.
A thickening active layer will result in additional water
storage capacity in the soil and thawing of ground ice will not
necessarily make water available for runoff. What water is
released could be mainly captured in ponds, thermokarst lakes,
and marshes, rather than running off. Since the soil moisture in
permafrost regions in the warm period is already very high,
evaporation would not necessarily increase. We know of no
quantitative estimates for these storage terms. We assume that
the fraction which runs off lies within 0 and 50% of the
available water. Hence we estimate the contribution of

permafrost to sea level 1990 to 2100 as 0 to 25 mm (0 to 0.23
mm/yr). For the 20th century, during which the temperature
change has been about five times less that, assumed by
Anisimov and Nelson for the next hundred years, our estimate
is 0 to 5 mm (0 to 0.05 mm/yr).
11.2.6 Tectonic Land Movements
We define tectonic land movement as that part of the vertical
displacement of the crust that is of non-glacio-hydro-isostatic
origin. It includes rapid displacements associated with earthquake
events and also slow movements within (e.g., mantle convection)
and on (e.g., sediment transport) the Earth. Large parts of the earth
are subject to active tectonics which continue to shape the planet's
surface. Where the tectonics occur in coastal areas, one of its
consequences is the changing relationship between the land and
sea surfaces as shorelines retreat or advance in response to the
vertical land movements. Examples include the Huon Peninsula
of Papua New Guinea (Chappell et at, 1996b), parts of the
Mediterranean (e.g. Pirazzoli et at, 1994; Antonioli and Oliverio,
1996), Japan (Ota at at, 1992) and New Zealand (Out et at,
1995). The Huon Peninsula provides a particularly good example
(Figure 11.6) with 125,000 year old coral terraces at up to 400 m
above present sea level. The intermediate terraces illustrated in
Figure 11.6 formed at times when the tectonic uplift rates and sea
level rise were about equal. Detailed analyses of these reef
sequences have indicated that long-term average uplift rates vary
between about 2 and 4 mmlyr, but that large episodic (and
unpredictable) displacements of I in or more occur at repeat times
of about 1,000 years (Chappell et at, 1996b). Comparable
average rates and episodic displacements have been inferred from
Greek shoreline evidence (Stiros er at. 1994). With major tectonic
activity occurring at the plate boundaries, which in many instances
are also continental or island margins, many of the world's tide
gauge records are likely to contain both tectonic and eustatic
signals. One value of the geological data is that it permits evaluations to be made of tectonic stability of the tide gauge IocaGty.

Changes in Sea Level

659
regions of the high Arctic and equatorial Pacific. As found by
Woodworth (1997), trends are only of the order of 0.01 hPa/yr in
northern Europe, where most of the longest historical tide gauges
are located. We conclude that long-term sea level trends could
have been modified to the extent of ± 0.2 mmtyr, considerably
less than the average eustatic rate of rise. Over a shorter period
larger trends can be found. For example, Schonwiese etal (1994)
and Schonwiese and Rapp ( 1997) report changes in surface
pressure for the period 1960 to 1990 that could have modified sea
level trends in the Mediterranean and around Scandinavia by
-0.05 and +0.04 mm/yr respectively.
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Figure 11.6: The raised 125,000 year old coral terraces of the Huon
Peninsula of Papua New Guinea up to 400 in above present sea level
(Chappell et at, 1996b).

Over very long time-scales (greater than 106 years), mantle
dynamic processes lead to changes in the shape and volume of
the ocean basins, while deposition of sediment reduces basin
volume. These affect sea level but at very low rates (less than
0.01 mm/yr and 0.05 mm/yr, respectively; e.g., Open University,
1989; Harrison, 1990).
Coastal subsidence in river delta regions can be an
important contributing factor to sea level change, with a typical
magnitude of 10 mm/yr, although the phenomenon will usually
be of a local character. Regions of documented subsidence
include the Mediterranean deltas (Stanley, 1997), the
Mississippi delta (Day et at, 1993) and the Asian deltas. In the
South China Sea, for example, the LGM shoreline is reported to
occur at a depth of about 165 in below present level (Wang et
at., 1990), suggesting that some 40 in of subsidence may have
occurred in 20,000 years at an average rate of about 2 mm/yr.
Changes in relative sea level also arise through accretion and
erosion along the coast; again, such effects may be locally
significant.
11.2.7 Atmospheric Pressure
Through the inverse barometer effect, a local increase in surface
air pressure over the ocean produces a depression in the sea
surface of 1 em per hPa (I hPa = I mbar). Since water is practically incompressible, this cannot lead to a global-average sea
level rise, but a long-term trend in surface air pressure patterns
could influence observed local sea level trends. This has been
investigated using two data sets: (i) monthly mean values of
surface air pressure on a 10°x5° grid for the period 1873 to 1995
for the Northern Hemisphere north of 15°N obtained from the
University of East Anglia Climatic Research Unit, and (ii)
monthly mean values on a global 5°x5° grid for the period 1871
to 1994 obtained from the UK Met Office (see Basnett and
Parker, 1997, for a discussion of the various data sets). The two
data sets present similar spatial patters of trends for their
geographical and temporal overlaps. Both yield small trends of
the order 0.02 hPa/yr; values of -0.03 hPa/yr occur in limited

11.3.1 Global Average Sea Level over the Last 6,000 Years
The geological evidence for the past 10,000 to 20,000 years
indicates that major temporal and spatial variation occurs in
relative sea level change (e.g., Pirazzoli, 1991) on time-scales of
the order of a few thousand years (Figure 115). The change
observed at locations new the former centres of glaciation is
primarily the result of the glacio-isostatic effect, whereas the
change observed at tectonically stable localities far from the
former ice sheets approximate the global average sea level change
(for geologically recent times this is primarily eustatic change
relating to changes in land-based ice volume). Glacio-hydroisostatic effects (the Earth's response to the past changes in ice and
water loads) remain important and result in a spatial variability in
sea level over the past 6,000 years for localities far from the former
ice margins. Analysis of data from such sites indicate that the
mean volume may have increased to add 2.5 to 3.5 in to global
average sea level over the past 6,000 years (e.g., Fleming et at,
1998), with a decreasing contribution in the last few thousand
years. If this occurred uniformly over the past 6,000 years it would
raise sea level by 0.4 to 0.6 mm/year. However, a few high resolution sea level records from the French Mediterranean coast
indicate that much of this increase occurred between about 6,000
and 3,000 years ago and that the rate over the past 3,000 years was
only about 0.1 to 0.2 mm/yr (Lambeck and Bard, 2000). These
inferences do not constrain the source of the added water but likely
sources are the Antarctic and Greenland ice sheets with possible
contributions from glaciers and thermal expansion.
In these analyses of late Holocene observations, the relative
sea level change is attributed to both a contribution from any
change in ocean volume and a contribution from the glacio-hydroisostatic effect, where the former is a function of time only and the
latter is a function of both time and position. It is possible to use
the record of sea level changes to estimate parameters for a model
of isostatic rebound. In doing this, the spatial variability of sea
level change determines the mantle theology, whereas the time
dependence determines any correction that may be required to the
assumed history of volume change. Solutions from different
geographic regions may lead to variations in the theology due to
lateral variations in mantle temperature, for example, but the
eustatic term should be the same, within observational and model
uncertainties, in each case (Nakada and Lambeck, 1988). If it is
assumed that no eustatic change has occurred in the past 6,000

Changes in Sea Level

660
years or so, but in fact eustatic change actually has occurred, the
solution for Earth-model parameters will require a somewhat
stiffer mantle than a solution in which eustatic change is included.
The two solutions may, however, be equally satisfactory for
interpolating between observations. For example, both approaches
lead to mid-Holocene highstands at island and continental margin
sites far from the former ice sheets of amplitudes 1 to 3 m. The
occurrence of such sea level maxima places a upper limit on the
magnitude of glacial melt in recent millennia (e.g., Peltier, 2000),
but it would be inconsistent to combine estimates of ongoing
glacial melt with results of calculations of isostatic rebound in
which the theological parameters have been inferred assuming
them is no ongoing melt.
The geological indicators of past sea level are usually not
sufficiently precise to enable fluctuations of sub-metre
amplitude to be observed. In some circumstances high quality
records do exist. These are from tectonically stable areas where
the tidal range is small and has remained little changed through
time, where no barriers or other shoreline features formed to
change the local conditions, and where there are biological
indicators that bear a precise and consistent relationship to sea
level. Such areas include the micro-atoll coral formations of
Queensland, Australia (Chappell, 1982; Woodroffe and
McLean, 1990); the coralline algae and gastropod vermetid
data of the Mediterranean (Laborel et al., 1994; Morhange el

at, 1996), and the fresh-to-marine transitions in the Baltic Sea
(Eronen et at, 1995; 1-Iyvarincn, 1999). These results all
indicate that for the past 3,000 to 5,000 years oscillations in
global sea level on tinle-scales of 100 to 1,000 years are
unlikely to have exceeded 0.3 to 0.5 m. Archaeological
evidence for this interval places similar constraints on sea level
oscillations (Flemming and Webb, 1986). Some detailed local
studies have indicated that fluctuations of the order of I at can
occur (e.g., Van de Plassche et at, 1998) but no globally
consistent pattern has yet emerged, suggesting that these may
be local rather than global variations.
Estimates of current ice sheet mass balance (Section
11.2.3.1) have improved since the SAR. However, these results
indicate only that the ice sheets are not far from balance. Earth
rotational constraints (Section I 1.2.4.2) and ice sheet altimetry
(Section 11.2.3.2) offer the prospect of resolving the ice sheet
mass balance in the future, but at present the most accurate
estimates of the long-term imbalance (period of several
hundred years) follows from the comparison of the geological
sea level data with the ice sheet modelling results (Section
11.2.3.3). The above geological estimates of the recent sea
level rates may include a component from thermal expansion
and glacier mass changes which, from the long-term temperature record in Chapter 2 (Section 2.3.2), could contribute to a
sea level lowering by as much as 0.1 mm)yc These results

Table I1.9: Recent estimates of sea level nse frvm tide gauges. The standard error for these estimates is also given along with the method used
to correct for vertical land movement (VIM).

Ratei s.e.
(mm/3'r)

Region

VLM

Gornitzand Lebedeff (1987)

Global

Geological

1.2±0.3

Peltier and Tushin ham(1989,1991)
Tm inandWahr(1990)
Nakiboglu and Lambeck (1991)
Douglas (1991)
Shennan and Woodworth (1992)
Gomitz (1995)
Mitrovica and Davis (1995),
Davis and Mitrovica (1996)

Global
Global
Global
Global

ICE-3G/MI
ICE-3G/MI
Spatial decomposition
ICE-3G/Ml
ical
Geological
Geological

2.4i0.9`
1.7 ± 0.13
1.2±OA

PGR Model

1.4 ± 0.4`

Davis and Mitrovica (1996)

N America E Coast

PGR Model

1.5 ± 0.3c

Peltier (1996)

N America E Coast

ICE-0G/M2

1.9 ± 0.6`

Peltier and Jiang 1997)

N America E Coast

Geological

2.0 ± 0.6c

Peltier and Jiang (1997)
Douglas (1997 d
Lambeck et al. (1998)

Global
Global
Fennoscandia

ICE-0G/M2
ICE-3G/M1
PGR Model

1.8 ± 0.6c
1.8 ± 0.1
1.1 ±0.2

Woodworth et al. (1999)

British Isles

Geological

1.0

NW Europe
N America E Coast
Global far field (far
from former ice sheets)

1.8 ± 0.1
1.0 ± -6-15
1.5 ± 0.7 `

This column shows the method used to correct for vertical land motion. ICE-3G/MI is the Post Glacial Rebound (PGR) model of
Tushingham and Peltier (1991). ICE-4G/M2 is a more recent PGR model based on the deglaciation history of Peltier (1994) and the mantle
viscosity model of Peltier and Jiang (1996). Nakiboglu and Lambeck (1991) performed a spherical harmonic decomposition of the tidegauge trends and took the the zero-degree term as the global-average rate. They indicated that a PGR signal would make little contribution to
this term. The use of geological data is discussed in the text.
The uncertainty is the standard error of the estimate of the global average rate.
`This uncertainty is the standard deviation of the rates at individual sites.
4 See references in these papers for estimates of sea level rise for various other regions.
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change unless this component is specifically solved for
(Section 11.3.1).
A further underestimate of the rate of sea level rise from the
geological approach, compared to that from glacial rebound
models, will pertain in forebulge areas, and especially the North
American east coast, where the linear extrapolation of geological
data could result in an underestimate of the corrected rate of sea
level change for the past century typically by 0.3 mm/yr because
the glacial rebound signal is diminishing with time (Peltier,
2000). However, in areas remote from the former ice sheets this
bias
will be considerably smaller.
100
to
200
Years
over
the
Past
11.3.2 Mean Sea Level Changes
Also, in adding recent mass into the oceans, most studies
have assumed that it is distributed uniformly and have
11.3.2.1 Mean sea level trends
neglected the Earth's elastic and gravitational response to the
The primary source of information on secular trends in global
changed water loading (analogous to glacio-hydro-isostatic
sea level during the past century is the tide gauge data set of the
effect). This will have the effect of reducing the observed rise
Permanent Service for Mean Sea Level (PSMSL) (Spencer and
at continental margin sites from ongoing mass contributions by
Woodworth, 1993). The tide gauge measurement is of the level
as much as 30% (cf. Nakiboglu and Lambeck, 1991).
of the sea surface relative to that of the land upon which the
Table 11.9 summarises estimates of the corrected sea level
gauge is located and contains information on both the displacetrends for the past century. Estimates cover a wide range as a
ment of the land and on changes in ocean volume (eustatic
result of different assumptions and methods for calculating the
changes). The land displacement may be of two types: that
rate of vertical land movement, of different selections of gauge
caused by active tectonics and that caused by glacial rebound.
records for analysis, and of different requirements for
Corrections for these effects are required if the change in ocean
minimum record length.
volume is to be extracted from the tide gauge record. Both
There have been several more studies since the SAR of
corrections are imperfectly known and are based on sea level
trends observed in particular regions. Woodworth et al. (1999)
observations themselves, usually from long geological records.
provided a partial update to Sherman and Woodworth (1992),
Different strategies have been developed for dealing with these
suggesting that sea level change in the North Sea region has been
corrections but differences remain that are not inconsequential
about 7 mm/yr during the past century. Lambeck et a!. (1998)
(see Table 11.9).
combined coastal tide gauge data from Fennoscandinavia
The sea level records contain significant interannual and
together with lake level records and postglacial rebound models
decadal variability and long records are required in order to
to estimate an average regional rise for the past century of 1.1 ±
estimate reliable secular rates that will be representative of the
0.2 min/yr. Studies of the North American east coast have been
last century. In addition, sea level change is spatially variable
because of land movements and of changes in the ocean circula- particularly concerned with the spatial dependence of trends
associated with the Laurentian forebulge. Peltier (1996)
tion. Therefore, a good geographic distribution of observations is
concluded a current rate of order 1.9 ± 0.6 mm/yr, larger than the
required. Neither requirement is satisfied with the current tide
1.5 mm/yr obtained by Gornitz (1995), who used the geological
gauge network and different strategies have been developed to
data approach, and Mitrovica and Davis (1995), who employed
take these differences into consideration. Warrick et al. (1996),
Post Glacial Rebound (PGR) modelling. Note that the observaDouglas (1995) and Smith et al. (2000) give recent reviews of the
tions of thermal expansion (Section 11.2.1.1) indicate a higher
subject, including discussions of the Northern Hemisphere
rate of sea level rise over recent decades in the sub-tropical gyms
geographical bias in the historical data set.
of the North Atlantic (i.e., off the North American east coast) than
In the absence of independent measurements of vertical
the higher latitude sub-polar gyre. Thus the differences between
land movements by advanced geodetic techniques (Section
11.6.1), corrections for movements are based on either geolog- three lower European values compared with the higher North
American values may reflect a real regional difference (with
ical data or geophysical modelling. The former method uses
spatial variations in regional sea level change being perhaps
geological evidence from locations adjacent to the gauges to
several tenths of a millimetre per year - see also Section 11.5-2).
estimate the long-term relative sea level change which is
In China, relative sea level is rising at about 2 mm/yr in the south
assumed to be caused primarily by land movements, from
but less than 0.5 mm/yr in the north (National Bureau of Marine
whatever cause. This is subtracted from the gauge records to
Management, 1992), with an estimated average of the whole
estimate the eustatic change for the past century. However, this
coastline of 1.6 mm/yr (Zhen and Wu, 1993) and with attempts to
procedure may underestimate the real current eustatic change
remove the spatially dependent component of vertical land
because the observed geological data may themselves contain a
movement yielding an average of 2.0 mm/yr (Shi, 1996). The two
long-term component of eustatic sea level rise (Section 11.3.1).
longest records from Australia (both in excess of 80-years in
The latter method, glacial rebound modelling, is also
length and not included in Douglas, 1997) are from Sydney and
constrained by geological observations to estimate earth
Fremantle, on opposite sides of the continent. They show
response functions or ice load parameters, which may therefore
observed rates of relative sea level rise of 0.86 ± 0.12 mm/yr
themselves contain a component of long-term eustatic sea level

suggest that the combined long-term ice sheet imbalance lies
within the range 0.1 to 0.3 mm/yr. Results from ice sheet
models for the last 500 years indicate an ongoing adjustment to
the glacial-interglacial transition of Greenland and Antarctica
together of 0.0 to 0.5 mm/yr. These ranges are consistent. We
therefore take the ongoing contribution of the ice sheets to sea
level rise in the 20th and 21st centuries in response to earlier
climate change as 0.0 to 0.5 mm/yc This is additional to the
effect of 20th century and future climate change.
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Figure 11.7: Time-series of relative sea level for the past 300 years from Northern Europe: Amsterdam, Netherlands; Brest, France; Sheerness,
UK; Stockholm, Sweden (detrended over the period 1774 to 1873 to remove to first order the contribution of postglacial rebound);
Swinoujscie, Poland ( formerly Swinemunde, Germany); and Liverpool, UK. Data for the latter are of "Adjusted Mean High Water" rather than
Mean Sea Level and include a nodal ( 18.6 year) term. The scale bar indicates ±100 mm. (Adapted from Woodworth, 1999a.)

and 1.38 ± 0.18 mm/yr over the periods 1915 to 1998 and 1897
to 1998 (Mitchell et at., 2000), corresponding to approximately
1.26 mm/yr and 1.73 mm/yr after glacial rebound correction
using the Peltier ICE-4G/M2 model, or 1.07 mm/yr and 1.55
mm/yr using the corrections of Lambeck and Nakada (1990).
There have been only two analyses of global sea level
change based on the PSMSL data set published since the SAR.
Douglas (1997) provided an update to Douglas (1991) and
applied the PGR model of 7rshingham and Peltier (1991) to a
selected set of twenty-four long tide gauge records, grouped
into nine geographical areas, with minimum record length 60
years and average length 83 years. However, the only Southern
Hemisphere sites included in this solution were from Argentina
and New Zealand. The overall global average of 1.8 ± 0.1
mm/yr agreed with the 1991 analysis, with considerable consistency between area-average trends. The standard error of the
global rate was derived from the standard deviation of regional
trends, assuming that temporal and spatial variability is
uncorrelated between regions. Peltier and Jiang (1997) used
essentially the same set of stations as Douglas and a new model
for postglacial rebound.

From Table 11.9 one can see that there are six global estimates
determined with the use of PGR corrections derived from global
models of isostatic adjustment, spanning a range from 1.4 mm/yr
(Mitrovica and Davis, 1995; Davis and Mitrovica, 1996) to 2.4
mm/yr (Peltier and Tushingham, 1989, 1991). We consider that
these five are consistent within the systematic uncertainty of the
PGR models, which may have a range of uncertainty of 0.5 mm/yr
depending on earth structure parametrization employed (Mitmvica
and Davis, I995). The average rate of the five estimates is 1.8
mm/yr. There are two other global analyses, of Gomitz and
Lebedeff (1987) and Nakiboglu and Lambeck (1991), which yield
estimates of 1.2 mtn/yr, lower than the first group. Because of the
issues raised above with regard to the geological data method for
land movement correction, the value of Gomitz and Lebedeff may
be underestimated by up to a few tenths of a millimetre per year,
although such considerations do not affect the method of
Nakiboglu and Lambeck. The differences between the former five
and latter two analyses reflect the analysis methods, in particular
the differences in corrections for land movements and in selections
of tide gauges used, including the effect of any spatial variation in
thermal expansion. However, all the discrepancies which could
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arise as a consequence of different analysis methods remain to be
more thoroughly investigated. On the basis of the published
literature, we therefore cannot rule out an average rate of sea level
rise of as little as 1.0 mm/yr during the 20th century. For the
upper bound, we adopt a limit of 2.0 martyr, which includes all
recent global estimates with some allowance for systematic
uncertainty. As with other ranges (see Box 11.1), we do not imply
that the central value is the best estimate.
11.3.2.2 Long-term mean sea level accelerations
Comparison of the rate of sea level rise over the last 100 years
(1.0 to 2.0 mm/yr) with the geological rate over the last two
millennia (0.1 to 0.2 mm/yr, Section 11.3.1) implies a comparatively recent acceleration in the rate of sea level rise. The few
very long tide gauge records are especially important in the
search for "accelerations" in sea level rise. Using four of the
longest (about two centuries) records from north-west Europe
(Amsterdam, Brest, Sheerness, Stockholm), Woodworth (1990)
found long-term accelerations of 0.4 to 0.9 mm/yr/cenmry
(Figure 11.7). Woodworth (1999a) found an acceleration of
order 03 mm/yr/cenmry in the very long quasi-mean sea level
(or `Adjusted Mean High Water') record from Liverpool. From
these records, one can infer that the onset of the acceleration
occurred during the 19th century, a suggestion consistent with
separate analysis of the long Stockholm record (Ekman, 1988,
1999; see also MBmer, 1973). It is also consistent with some
geological evidence from north-west Europe (e.g., Allen and
Rae, I988). In North America, the longest records are from Key
West, Florida, which commenced in 1846 and which suggest an
acceleration of order 0.4 mm/year/century (Maul and Martin,
1993), and from New York which commenced in 1856 and
which has a similar acceleration. Coastal evolution evidence
from parts of eastern North America suggest an increased rate of
rise between one and two centuries before the 20th century
(Kearney and Stevenson, 1991; Varekamp et at, 1992; Kearney,
1996; Van de Plassche et at, 1998; Varekamp and Thomas,
1998; Shaw and Ceman, 2000).
Then: is no evidence for any acceleration of sea level rise in
data from the 20th century data alone (Woodworth, 1990;
Gomitz and Solow, 1991; Douglas, 1992). Mediterranean
records show deceleratiohs, and even decreases in sea level in
the latter part of the 20th century, which may be caused by
increases in the density of Mediterranean Deep Water and air
pressure changes connected to the North Atlantic Oscillation
(NAO) (Tsimplis and Baker, 2000), suggesting the
Mediterranean might not be the best area for monitoring secular
trends. Models of ocean thermal expansion indicate an acceleration through the 20th century but when the model is subsampled
at the locations of the tide gauges no significant acceleration can
be detected because of the greater level of variability (Gregory
et al., 2001). Thus the absence of an acceleration in the observations is not necessarily inconsistent with the model results.
11.3.2.3 Mean sea level change J'rom satellite altimeter
observations
In contrast to the sparse network of coastal and mid-ocean island
tide gauges, measurements of sea level from space by satellite
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Figure 11.8: Global mean sea level variations (light line) computed
from the TOPEX/POSEIDON satellite altimeter data compared with
the global averaged sea surface temperature variations (dark line) for
1993 to 1998 (Cazenavic et at, 1998, updated). The seasonal
components have been removed from both time-series.

radar altimetry provide near global and homogenous coverage of
the world's oceans, thereby allowing the determination of
regional sea level change. Satellite altimeters also measure sea
level with respect to the centre of the earth. While the results must
be corrected for isostatic adjustment (Peltier, 1998), satellite
altimetry avoids other vertical land movements (tectonic motions,
subsidence) that affect local determinations of sea level trends
measured by tide gauges. However, achieving the required submillimetre accuracy is demanding and requires satellite orbit
information, geophysical and environmental corrections and
altimeter range measuremencs of the highest accuracy. It also
requires continuous satellite operations over many years and
careful control of biases.
To date, the TOPEX/POSEIDON satellite-altimeter mission,
with its (near) global coverage from 66°N to 66°S (almost all of
the ice-free oceans) from late 1992 to the present, has proved to
be of most value to direct estimates of sea level change. The
current accuracy of TOPEX/POSEIDON data allows global
average sea level to be estimated to a precision of several
millimetres every 10 days, with the absolute accuracy limited by
systematic errors.
Careful comparison of TOPEX/POSEIDON data with tide
gauge data reveals a difference in the rate of change of local sea
level of -2.3 ± 1.2 mm/yr (Mitchum, 1998) or -2 ± 1.5 mm/yr
(Cazenave et a/., 1999). This discrepancy is caused by a combina
tion of instrumental drift, especially in the TOPEX Microwave
Radiometer (TMR) (Haines and Bar-Sever, 1998), and vertical
land motions which have not been allowed for in the tide gauge
data. The most recent estimates of global average sea level rise
from the six years of TOPEX/POSEIDON data (using corrections
from tide gauge comparisons) are 2.1 ± 1.2 mm/yr (Nerem et al.,
1997), 1.4 ± 0.2 mm/yr (Cazenave et at, 1998; Figure 11.8), 3.1
± 1.3 mm/yr (Nerem, 1999) and 2.5 ± 1.3 mm/yr (Nerem, 1999),
of which the last assumes that all instrumental drift can be attributed to the TMR. When Cazenave et at allow for the TMR drift,
they compute a sea level rise of 2.6 mm/yr. Their uncertainty of
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± 0.2 mm/yr does not include allowance for uncertainty in instrumental drift, but only reflects the variations in measured global sea
level. Such variations correlate with global average sea surface
temperature, perhaps indicating the importance of sterie effects
through ocean heat storage. Cazenave at at (1998) and Nerem at
at (1999) argue that ENSO events cause a rise and a subsequent
fall in global averaged sea level of about 20 mm (Figure 11.8).
These findings indicate that the major 1997/98 El Nitio-Southern
Oscillation ( ENSO) event could bias the above estimates of sea
level rise and also indicate the difficulty of separating long-term
trends from climatic variability.
After upgrading many of the geophysical corrections on the
original European Remote Sensing (ERS) data stream, Cazenave
et at ( 1998) find little evidence of sea level rise over the period
April 1992 to May 1996. However, over the time span of overlap
between the ERS-1 and TOPEX/POSEIDON data, similar rates
of sea level change ( about 0.5 mm/yr) are calculated. For the
period April 1992 to April 1995, Anzenhofer and Gruber (1998)
find a sea level rise of 2.2 ± 1.6 mm/yr.
In summary, analysis ofTOPEX/POSEIDON data suggest a
rate of sea level rise during the 1990s greater than the mean rate
of rise for much of the 20th century. It is not yet clear whether
this is the result of a recent acceleration, of systematic differences
between the two measurement techniques, or of the shortness of
the record (6 years).
12.3.3 Changes in Extreme Sea Levels: Storm Surges and
Waves
Lack of adequate data sets means we can not ascertain whether
there have been changes in the magnitude and/or frequency of
storm surges (aperiodic changes associated with major meteorological disturbances resulting in sea level changes of up to
several metres and lasting a few hours to days) in many regions
of the world. Zhang at at (1997, 2000) performed a comprehensive analysis of hourly tide gauge data from the east coast of
North America, and concluded that there had been no discernible
secular trend in storm activity or severity during the past century.
European analyses include that of Woodworth (1999b), who
found no significant increase in extreme high water level distributions from Liverpool from 1768 to 1993 to those from later
epochs, other than what can be explained in terms of changes in
local tidal amplitudes, mean sea level and vertical land
movement. Vassie (reported in Pugh and Maul, 1999) and Bijl et
at (1999) concluded that there was no discernible trend over the
last century in the statistics of non-tidal sea level variability
around the UK and the eastern North Sea (Denmark, Germany
and the Netherlands), above the considerable natural sea level
variability on decadal time-scales. In South America, D'Onofrio
eral. (1999) observed a trend of extreme levels at Buenos Aires
of 2.8 mm/yr over 1905 to 1993. On the basis of available statistics, the South American result is consistent with the local mean
sea level trend.
Variations in surge statistics can also be inferred from
analysis of meteorological data. Kass at at (1996) and the
WASA Group (1998) showed that there are no significant overall
trends in windiness and cyclonic activity over the North Atlantic
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and north-west Europe during the past century, although major
variations on decadal times-scales exist. An increase in storrruness in the north-east Atlantic in the last few decades (Schmith
et at, 1998) and a recent trend towards higher storm surge levels
on the German and Danish coasts (Langenberg at at, 1999) is
consistent with natural variability evidentover the last 150 years.
Pirazzoli (2000) detected evidence for a slight decrease in the
main factors contributing to surge development on the French
Atlantic coast in the last 50 years. Correlation between the
frequency of Atlantic storms and ENSO was demonstrated by
Van der Vink at at (1998).
Increases in wave heights of approximately 2 to 3 in over
the period 1962 to 1985 off Land's End, south-west England
(Carter and Draper, 1988), increases in wave height over a
neighbouring area at about 2%/yr since 1950 (Bacon and Carter,
1991, 1993) and wave height variations simulated by the Wave
Action Model (WAM) (Gunther at at, 1998) are all consistent
with decadal variations over most of the north-east Atlantic and
North Sea. This variability could be related to the NAO (Chapter
2, Section 2.6.5).
11.4 Can 20th Century Sea Level Changes be Explained?
In order to have confidence in our ability to predict future
changes in sea level, we need to confirm that the relevant
processes (Section 11.2) have been correctly identified and
evaluated. We attempt this by seeing how well we can account for
the current rate of change (Section 11.3). We note that:
• some processes affecting sea level have long (centuries and
longer) time-scales, so that current sea level change is also
related to past climate change,
• some relevant processes are not determined solely by climate,
• fairly long records (at least 50 years according to Douglas,
1992) are needed to detect a significant trend in local sea level,
because of the influence of natural variability in the climate
system, and
• the network of tide gauges with records of this length gives only
a limited coverage of the world's continental coastline and
almost no coverage of the mid-ocean.
The estimated contributions from the various components of sea
level rise during the 20th century (Table 11.10, Figure 11-9) were
constructed using the results from Section 11.2. The sum of these
contributions for the 20th century ranges from -0.8 mm/yr to
2.2 mm/yr, with a central value of 0.7 mm/yr. The upper bound is
close to the observational upper bound (2.0 mm/yr), but the
central value is less than the observational lower bound (1.0
mm/yr), and the lower bound is negative i.e. the sum of
components is biased low compared to the observational
estimates. Nonetheless, the range is narrower than the range
given by Warrick at at (1996), as a result of greater constraints
on all the contributions, with the exception of the terrestrial
storage terms. In particular, the long-term contribution from the
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Tabk 1I.I0.• Estimated rates of sea kvel rise components fionr observations and models (mm/yr) averaged over the period 1910 to 1990. (Note that
the model uncertainties may be underestimates because of posslble systematic errors in the models.) The 20th century terms for Greenland and
Anmrz7icaarederivedfmm ice sheetmadelsbecause observations cannot distinguidr between 20th century and long-term effects. See Section 11.2.3.3.

Thermal expansion
Glaciers and ice caps

Greenland - 20th century effects
Antarctica - 20th century effects
Ice sheets - adjustment since LGM

Pennafrost
Sediment deposition

Minimum
(M-fyr•)
0.3

Central value
(mmlyr)

Maximum
(trw/yr)

0.5

0.7

0.2

0.3

0.4

0.0

0.05

0.1

- 0.2

-01

0.0

0.25

0.0
0.5

0.00
0.00

0.025
0.025

0.05
0.05

Terrestrial storage (not directly from climate change)

- 1.1

- 0.35

Total

-0.9

0.7

2.2

1.0

1.5

2.0

Estimated from observations

ice sheets has been narrowed substantially from those given in
Warrick et at, (1996) by the use of additional constraints (geological data and models of the ice sheets) (Section 11.3.1)_
The reason for the remaining discrepancy is not clear.
However, the largest uncertainty (by a factor of more than two)
is in the terrestrial storage terms. Several of the components of
the terrestrial storage term are poorly determined and the
quoted limits require several of the contributions simultaneously to tie at the extremes of their ranges. This coincidence is
improbable unless the systematic errors affecting the estimates
are correlated. Furthermore, while coupled models have
improved considerably in recent years, and there is general
agreement between the observed and modelled thermal
expansion contribution, the models- ability to quantitatively
simulate decadal changes in ocean temperatures and thus
thermal expansion has not been adequately tested. Given the
poor global coverage of high quality tide gauge records and the
uncertainty in the corrections for land motions, the observationally based rate of sea level rise this century should also be
questioned.
In the models, at least a third of 20th century anthropogenic
eustatic sea level rise is caused by thermal expansion, which has
a geographically non-uniform signal in sea level change.
AOGCMs do not agree in detail about the patterns of geographical variation (see Section 11.5.2). They all give a geographical
spread of 20th century trends at individual grid points which is
characterised by a standard deviation of 0.2 to 0.5 mnJyr
(Gregory et al., 2001). This spread is a result of a combination of
spatial non-uniformity of trends and the uncertainty in local trend
estimates arising from temporal variability. As yet no published
study has revealed a stable pattern of observed non-uniform sea
level change. Such a pattern would provide a critical test of
models. If there is significant non-uniformity, a trend from a
single location would be an inaccurate estimate of the global
average. For example, Douglas (1997) averaged nine regions and
found a standard deviation of about 0.3 mm/yr (quoted by
Douglas as a standard error), similar to the range expected from
AOGCMs.

0.4

A common perception is that the rate of sea level rise should
have accelerated during the latter half of the 20th century. The tide
gauge data for the 20th century show no significant acceleration
(e.g„ Douglas, 1992). We have obtained estimates based on
AOGCMs for the terms directly related to anthropogenic climate
change in the 20th century, i.e., thermal expansion (Section
112.1.2), ice sheets (Section 11.2.3.3), glaciers and ice caps
(Section 1 1 . 5 . 1 . 1 ) (Figure 1 1 . l0a). The estimated rate of sea level
rise from anthropogenic climate change ranges from 0.3 to
0.8 mm/yr ( Figure 11.tOb). These terms do show an acceleration
through the 20th century (Figure 11.10a,b). If the terrestrial
storage terms have a negative sum (Section 11.2.5), they may
offset some of the acceleration in recent decades. The total
computed rise (Figure I1.1oc) indicates an acceleration of only
0.2 mm/yrlcenmry, with a range from -1.1 to+0.7 mMyr/century,

Thermal expansion
Glaciers

Greenland (recent)
Antarctica (recent)
Ice sheets (long-tern)
Permatrost
Sediment deposition
Terrestrial storage

Total
Observations
-1.0 -0.5 0.0 0.5 1.0 1.5
Sea level rise (mrr3yr)

2,0

Figure 11.9: Ranges of uncertainty for the average rate of sea level
rise from 1910 to 1990 and the estimated contributions from different
processes.
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consistent with observational finding of no acceleration in sea
level rise during the 20th century (Section 11.3.2.2). The sum of
terms not related to recent climate change is -1.1 to +0.9 mm/yr
(i.e., excluding thermal expansion, glaciers and ice caps, and
changes in the ice sheets due to 20th century climate change). This
range is less than the observational lower bound of sea level rise.
Hence it is very likely that these terms alone are an insufficient
explanation, implying that 20th century climate change has made
a contribution to 20th century sea level rise.
Recent studies (see Sections 2.3.3, 2.3.4) suggest that the
19th century was unusually cold on the global average, and that
an increase in solar output may have had a moderate influence on
warming in the early 20th century (Section 12.4.3.3). This
warming might have produced some thermal expansion and
could have been responsible for the onset of glacier recession in
the early 20th century (e.g., Dowdeswell et at, 1997), thus
providing a possible explanation of an acceleration in sea level
rise commencing before major industrialisation.

E
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11.5.1 Global Average Sea Level Change 1990 to 2100

1930
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Year

Figure 11.10: Estimated sea level rise from 1910 to 1990. (a) The
thermal expansion, glacier and ice cap. Greenland and Antarctic contributions resulting from climate change in the 20th century calculated
from a range of AOGCMs. Note that uncertainties in land ice calculations have not been included. (b) The mid-range and upper and lower
bounds for the computed response of sea level to climate change (the
sum of the terms in (a) plus the contribution from pcrmafrost). These
curves represent our estimate of the impact of antlwpngenic climate
change on sea level during the 20th century. (c) The mid-range and
upper and lower bounds for the computed sea level change (the sum of
all terms in (a) with the addition of changes in permafrost, the effect of
sediment deposition, the long-term adjustment of the ice-sheets to past
climate change and the terrestrial storage terms).

Warrick et at (1996) made projections of thermal expansion and
of loss of mass from glaciers and ice-sheets for the 21 st century
for the IS92 scenarios using two alternative simple climate
models. Since the SAR, time-dependent experiments have been
run with several AOGCMs (Chapter 9.1.2, Table 9.1) following
the IS92a scenario (Leggett et at, 1992) For future concentrations
of greenhouse gases, including the direct effect of sulphate
aerosols. In Section 11.5.1.1, we use the AOGCM IS92a results
to derive estimates of thermal expansion and land ice melt,
employing methods from the literature as described in Section
11.2, and we add contributions from thawing of permafrost,
sediment deposition, and the continuing adjustment of the ice
sheets to climate changes since the LGM. The choice of scenario
is not the principal consideration; the main point is that the
AOGCMs all follow the same scenario, so the range of results
reflects the systematic uncertainty inherent in the modelling of
sea level changes. The use of IS92a also facilitates comparison
with the result of Warrick et at (1996).
To quantify the uncertainty resulting from the uncertainty in
future emissions, and to obtain results consistent with the globalaverage temperature change projections of Section 9.3.3, in
Section 11.5.1.2 we derive projections for thermal expansion and
land ice melt for the scenarios of the IPCC Special Report on
Emissions Scenarios (SRES) (NakiEenovic et al., 2000) (see also
Box 9.1 in Chapter 9, Section 9.1). The results are given as sea
level change relative to 1990 in order to facilitate comparison
with previous IPCC reports, which used 1990 as their base date.
11.5.1.1 Projections for a single scenario based on a range of
AOGCMs
Thermal expansion
Over the hundred years 1990 to 2090, the AOGCM experiments
for IS92a including sulphate aerosols (GS experiments - see
Chapter 9, Table 9.1) show global-average sea level rise from
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Talk 11.11: Sea level rise from thermal expansion from AOGCM
experiments followang the IS92a scenariofor the 21st century, including
the direct effect of sulphate aerosols. See Chapter 8, Table 8.1 and
Chapter 9, Table 9.1 for further details of models and experiments. See
Table 11.2 for thermal etpmuionfromAOGCM experiments for the 2(hh
century,

Experiment

AT, (-C)
1990 to
2090'

Sea level rise (m)
1990 to
199010
2040
2090'

CGCMI GS

3.7

0.12

0.37

CGCM2GS

3.6

0.11

0.33

CSIRO MIQ GS
ECHAM4/OPYC3 GSb
GFDL_R15_aGSc

2.7
-

0.11
0.11
0.13

0.28
-

GFDL_R15-b GS
GFDL_R30c GS

3.2
2.8

0.12
0.12

0.29
0.31

HadCM2 GS
HadCM3 GSIO
MRI2 GS

2.5
2.8
l.5

0.07
0.07
0.04

0.20
0.20
0.09

DOE PCM GS

1.9

0.07

0.17

An end dale of 2090, rather than 2100, is chosen to match the last
available date in some of the experiments.
'This experiment ends at 2050.
`This experiment ends at 2065.
dTg Global average surface air temperature change.

thermal expansion in the range 0.09 to 0.37 in (Figure It.], Table
11.11). There is an acceleration through the 21st century;
expansion for 2040 to 2090 is greater than for 1990 to 2040 by a
factor of 1.4 to 2.1. Since the models experience the same forcing,
the differences in the thermal expansion derive from differences in
the physical behaviour of the models. Broadly speaking, the range
of results reflects the systematic uncertainty of modelling in three
factors: the size of the surface warming, the effectiveness of heat
uptake by the ocean for a given warming (Gregory and Mitchell,
1997) and the expansion resulting from a given heat uptake
(Russell et al., 2000). The separation of the first two factors
parallels the distinction made in Section 9.3.4.2 between the effects
of climate feedback and heat uptake on the rate of climate change.
Since models differ in regard to the second and third factors,
experiments with a similar temperature change do not necessarily
have a similar thermal expansion, as the results demonstrate.
Glaciers and ice caps
To make projections for future loss of mass from glaciers and ice
caps, we have applied the methods of Gregory and Oerlemans
(1998) and Van de Wal and Wild (2001) (Sections 11.2.2.2,
11.2.2.4) to the seasonally and geographically dependent temperature changes given by a range of AOGCM IS92a experiments
including sulphate aerosols (Table 11.12). We adjust the results to
be consistent with the assumption that the climate of 1865 to 1895
was 0.15 K warmer than the steady state for glaciers, following
Zuo and Oerlemans (1997) (see also Section 11.4). Precipitation
changes are not included, as they are not expected to have a strong
influence on the global average (Section 11.2.2.3).

Table 11.12: Calculations of glacier rnelt fmm AOGCM experiments following the IS'92a scenario for the 21st century . including the direct effect of
sulphate aerosols. See Tables 8.1 and 91 for fartlter details of madelr and experiments.

Experiment

B(tnm/yr)
1990

AT, (°C)
1990 to 2090

0.43
0.52
0.45

3.7
2.7
1.8

ECHAM4/OPYC3 GS'

0.56

-

-

-

0.64

GFDL_RI5_aGS°
GFDLRIS_b GS

0.42
0.44

3.2

0.13

0.09

0.58
0.54

GFDL_R30c GS

0.33

2.8

0.12

0.08

'0.53

HadCM2 GS`

0.44

2.5

0.11

0.08

0.61

HadCM3 GSIO
MRI2 GS
DOE PCM GS

0.31
0.22
0.42

2.8
1.5
1.9

0.1 I
0.06
0.09

0.08
0.05
0.06

0.62
0.60
0.59

CGCMI GS
CSIRO Mk2 GS
CSM 1.3 GS

Sea level rise (m)
1990 to 2090
Constant
Changing
area
area
0.15
0.11
0.15
0.11
0.10
0.07

)B/aTg
(mn3yr/°C)

0.65
0.73
0.61

° This experiment ends at 2050.
sThis experiment ends at 2065.
` Similar results for constant area were obtained for an ensemble of HadCM2 GS experiments by Gregory and Oerlemans (1998).
B Global glacier mass balance for constant glacier area, expressed as sea level equivalent.
dB1dTg Sensitivity of global glacier mass balance for constant glacier area, expressed as sea level equivalent, to global average surface air
temperature change.
AT, Global average surface air temperature change.
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Table 11.13: Calculations of ice sheet mass changes using temperature and precipitation changes fiam AOGCM experiments following the JS92a
scenario for the 21st cenmrq, including the direct effect of sulphate aervsols, to derive boundary conditions for an ice sheet model. See Tables 8.1
and 9.1 forfurther details of models and aWeriments.

Greenland

Experiment
Sea level
rise (m)
1990 to 2090

dB/dTg

dB/dT

dB/dTg

dB/dT

CGCMIGS

0.03

0-13

0.10

1.3

2.7

-0.02

-0.12

-0.11

1.1

CSIROMk2GS

0.02

0.16

0.08

2.0

5.9

-0.07

-0.37

-033

1.1

CSM 1.3 GS

0.02

0.15

0.05

7.8

-0.04

-0.31

-0.27

-

0.03

0.03

3.1
1.2

-

-0.48

0.06

1.9

-

-0.18

-0.32
-0.22

1.1
1.5

0.12

6.5
4.1

0.8

0.07

1.4

4.0
4.5

-0.04

-0.21

-0.17

1.2

-0.07

-0.35

-0.28

1.3

-0.12

1.2

-0.30

1.6

ECHAM4/OPYC3 GS'
GFDL_Rl5_a GS b
HadCM2 GS
HadCM30510

0.02
0.02

Sensitivity
(mm/yr/°C)

Antarctica
Sea level
rise (m)
1990 to 2090

0.10
0.09

0.06

ATIdTx 1/P
dP/dT
(e7nPC)

14

Sensitivity
(mm/yr/°C)

MRI2 GS

0.01

0.08

0.05

1.6

4.4

-0.01

-0.14

DOE PCM US

0.02

0.14

0.06

2.2

5.6

-0.07

-0.48

AT/AT,

''Ihis experiment ends at 2050.
b This experiment ends at 2065.
dB/dTS Ice-sheet mass balance sensitivity to global-average surface air temperature change, expressed as sea level equivalent.
d0/dT Ice-sheet mass balance sensitivity to surface air temperature change averaged over the ice sheet, expressed as sea level equivalent.
AT/ATa Slope nf the regtee<inn of surface air temperature change averaged over the ice sheet against elobal-average change.
I/P dP/dT Fractional change in ice-sheet average precipitation as a function of temperature change.

For constant glacier area, from the AOGCM IS92a experiments including sulphate aerosol, predicted sea level rise from
glacier melt over the hundred years 1990 to 2090 lies in the range
0.06 to 0.15 in. The variation is due to three factors. First, the
global average temperature change varies between models. A
larger temperature rise tends to give more melting, but they are
not linearly related, since the total melt depends on the timeintegrated temperature change. Second, the global mass balance
sensitivity to temperature change varies among AOGCMs
because of their different seasonal and regional distribution of
temperature change. Third, the glaciers are already adjusting to
climate change during the 20th century, and any such imbalance
will persist during the 21st century, in addition to the further
imbalance due to future climate change. The global average
temperature change and glacier mass balance sensitivity may not
be independent factors, since both are affected by regional
climate feedbacks. The sensitivity and the present imbalance are
related factors, because a larger sensitivity implies a greater
present imbalance.
With glacier area contracting as the volume reduces, the
estimated sea level rise contribution is in the range 0.05 to 0.1 1 m,
about 25% less than if constant area is assumed, similar to the
findings of Oerlemans et at (1998) and Van de Wall and Wild
(2001). The time-dependence of glacier area means the results
can no longer be represented by a global glacier mass balance
sensitivity.
Glaciers and ice caps on the margins of the Greenland and
Antarctic ice sheets are omitted from these calculations, because
they are included in the ice sheet projections below. These ice
masses have a large area (Table I1.3), but experience little
ablation on account of being in very cold climates. Van de Wal

and Wild (2001) find that the Greenland marginal glaciers
contribute an additional 6% to glacier melt in a scenario of CO2
doubling over 70 years. Similar calculations using the AOGCM
IS92a results give a maximum contribution of 14 mm for 1990 to
2100. For the Antarctic marginal glaciers, the ambient temperalures are too low for there to be any significant surface runoff.
Increasing temperatures will increase the runoff and enlarge the
area experiencing ablation, but their contribution is very likely to
remain small. For instance, Drewry and Morris (1992) calculate
a contribution of 0.012 mm/yrFC to the global glacier mass
balance sensitivity from the glacier area of 20,000 km2 which
currently experiences some melting on the Antarctic Peninsula.
Lack of information concerning glacier areas and precipitation over glaciers, together with uncertainty over the projected
changes in glacier area, lead to uncertainty in the result.c. This is
assessed as ± 40qo, matching the uncertainty of the observed
mass balance estimate of Dyurgerov and Meier (1997b).
Greenland and Antarctic ice sheets
To make projections of Greenland and Antarctic ice sheet mass
changes consistent with the IS92a AOGCM experiments
including sulphate aerosols, we have integrated the ice-sheet
model of Huybrechts and De Wolde ( 1999) using boundary
conditions of temperature and precipitation derived by perturbing
present day climatology according to the geographically and
seasonally dependent pattern changes predicted by the T106
ECHAM4 model ( Wild and Ohmura, 2000) for a doubling of
CO,. To generate time-dependent boundary conditions, these
patterns were scaled with the area average changes over the ice
sheets as a function of time for each AOGCM experiment using
a method similar to that described by Huybrechts et at (1999).
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Table 11.14: Sea level rise 1990 to 2100 due to climate change derrved fromAOGCMe.rperirnenrs following the IS92a scenario, including the direct
effect of sulphate aerosols. See Tables 8.1 and 9.1 for funher details of models and ezperimems. Results were extrepolaed to 2100 for experiments
ending at earlier dates. The uncertainties shown in the land ice terns am those discussed in this section. For corrywrison the projection of Warrick
et al. (1996) (in the SAR) is also included. Nate that the rninimmn of the sum of tire components is not identical with the sum of the minima because
the smallest values of Ike components do not all come from the same AOGCM, and because for each model the land ice uncertainties have been
combined in quadratnre; similarly for the marirna, which also include non-zero contributions frnm smaller terms.

Experiment

Sea level rise (m) 1990 to 2100
Greenland
Antarctica'
min
max
min
max

Expansion
min
max

Glaciers
min
max

CGCMI GS
CSIRO Ma GS
ECHAM41OPYC3 GS

0.43
0.33
0.30

0.03_ 1 0.23
0.02
0.22
0.02
0.18

0.00
-0.01
-0.02

0.07
0.08
0.03

-0.07
-0.12
-0.17

0.02
-0.04
-0.06

0.45
0.29
0.19

0.77
0.60
0.48

GFDL_R15a GS

0.38

0.02

0.19

-0.01

0.09

-0.09

-0.01

0.37

0.67

HadCM2 GS
HadCM3 0510
MR12 GS

0.23
0.24
0.11

0.02
0.02
0.01

0.17
0.18
0.11

-0.01
0.00
0.00

0.05
0.05
0.03

-0.09 0.00
-0.13 -0.03
-0.04 0.00

0.21
0.18
0.11

0.48
0.46
0.31

0.19
0.11
0.43
0.27
0.28

0.01
0.01

-0.01
0.06
-0.02
0.09
+0.04
+0.06

-0.13 -0.04
-0 .17
0.02
-0.08
-0.01

0.12
0.37
0.11
0.77
0.44
0.49
0.20
0.86

DOE PCM GS
Range
Central value
SAR
Best estimate
7.5.2.4
Range

0.13
0.23
0.12
0.16

Sttm^
max
min

Note that this range does not allow for uncertainty relating to ice-dynamical changes in the West Antarctic ice sheet. See Section 11.5.4.3 for a
full discussion.
^ Including contributions from permafrost, sedimentation, and adjustment of ice sheets to past climate change.

The marginal glaciers and ice caps on Greenland and Antarctica
were included in the ice sheet area. The calculated contributions
from these small ice masses have some uncertainty resulting from

for the glacial-interelacial transition, but more than for Holocene
variability (Section 11.2.3.4). If precipitation did not increase at
all with greenhouse warming, Greenland local sensitivities

the limited spatial resolution of the ice sheet model.

would be larger, by 0.05 to 0.1 mm/yr/°C (see also Table 11.7).

For 1990 to 2090 in the AOGCM GS experiments,
Greenland contributes 0.01 to 0.03 m and Antarctica -0.07 to
-0.01 in to global average sea level (Table I t.13). Note that these
sea level contributions result solely from recent and projected
future climate change; they do not include the response to past
climate change (discussed in Sections 11.2.3.3 and 11.3.1).
Mass balance sensitivities are derived by regressing rate of
change of mass against global or local temperature change (note
that they include the effect of precipitation changes) (Table
11.13). The Greenland local sensitivities are smaller than some of
the values reported previously from other methods (Section
11.2.3.4 and Table 11.7) and by Warrick et al. (1996) because of
the larger precipitation increases and the seasonality of temperature changes (less increase in summer) predicted by AOGCMs,
and the smaller temperature rise in the ablation zone (as
compared to the ice-sheet average) projected by the T106
ECHAM4 time slice results. The Antarctic sensitivities are less
negative than those in Table 11.7 because the AOGCMs predict
smaller precipitation increases.
The use of a range of AOGCMs represents the uncertainty
in modelling changing circulation patterns, which lead to both
changes in temperature and precipitation, as noted by Kapsner et
al. (1995) and Cuffey and Clow (1997) from the results from
Greenland ice cores. The range of AOGCM thermodynamic and
circulation responses gives a range of 4 to 8%/°C for Greenland
precipitation increases, generally less than indicated by ice-cores

Given that all AOGCMs agree on an increase, but differ on the
strength of the relationship, we include an uncertainty of ±0.02
mm/yr/°C in Table 21.13 on the Greenland local sensitivities,
being the product of the standard deviation of precipitation
increase (1.5r%/°C) and the current Greenland accumulation (1.4
mm/yr sea level equivalent, Table 11.5).

Estimates of Greenland runoff (Table 11-5) have a standard
error of about ± 10%. This reflects uncertainty in the degree-day
method (Braithwaite, 1995) and refreezing parametrization
(Janssens and Huybrechts, 2000) used to calculate Greenland
ablation. Given that a typical size of the sensitivity of ablation to
temperature change is 0.3 mm/yrNC (Table 11.7), we adopt an
additional uncertainty of ± 0.03 mtn/yr/°C for the local
Greenland sensitivities in Table 11.13. We include a separate
uncertainty of the same size to reflect the possible sensitivity to
use of different high-resolution geographical patterns of temperature and precipitation change (the T106 ECHAM4 pattern was
the only one available). As an estimate of the uncertainty related
to changes in iceberg discharge and area-elevation distribution,
we ascribe an uncertainty of ± 10% to the net mass change, on
the basis of the magnitude of the dynamic response for Greenland
described in Section 11.2.3.4.
For Antarctica, uncertainty introduced by ablation model
parameters need not be considered because melting remains
very small for the temperature scenarios considered for the 21 st
century. Ice-dynamical uncertainties are much more difficult to

Changes in Sea Level

670
-r ^_____I

0.8
CGCMI GS
CSIRO Mk2 GS
ECHAM4/OPYC3 GS
GFDL_R15_a GS
HadCM2 GS
HadCM3 GS1O
MRI2 GS
DOE PCM GS

0.6

to

U)
0.2

0.0
1990

2000

2010

2020

2030

2040

2050

2060

2070

2080

2090

2100

Year
Figure 11.11: Global average sea level rise 1990 to 2100 for the IS92a scenario, including the direct effect of sulphate aerosols. Thermal
expansion and land ice changes were calculated from AOGCM experiments, and contributions from changes in permafrost, the effect of
sediment deposition and the long-term adjustment of the ice sheets to past climate change were added. For the models that project the largest
(CGCMI) and the smallest (MR12) sea level change, the shaded region shows the bounds of uncertainty associated with land ice changes,
permafrost changes and sediment deposition. Uncertainties are not shown for the other models, but can be found in Table 11.14. The outermost
limits of the shaded regions indicate our range of uncertainty in projecting sea level change for the IS92a scenario.

determine. See Section 11.5.4.3 for a detailed discussion. We
include an uncertainty of 0.08 mm/yr/°C on the local sensitivity,
which is its inter-model standard deviation, to reflect the spread
of precipitation changes as a function of temperature.
Total
To obtain predictions of global average sea level rise for 19902100 for the FS92a scenario with sulphate aerosols, we calculate
the sum of the contributions from thermal expansion, glaciers
and ice sheets for each AOGCM, and add the 0 to 0.5 mMyr
from the continuing evolution of the ice sheets in response to
past climate change (Section t1.2.3.1) and smaller terms from
thawing of permafrost (Section 11.2.5) and the effect of
sedimentation (Section 11.2.6). The range of our results is 0.11
to 0.77 m (Table 11.14, Figure 11.11), which should be
compared with the range of 0.20 to 0.86 m given by Warrick er
at (1996) (SAR Section 7.5.2.4, Figure 7.7) for the same
scenario. The AOGCMs have a range of effective climate
sensitivities from 1.4 to 4.2°C (Table 9.1), similar to the range of
1.5 to 4.5°C used by Warrick et at. The AOGCM thermal
expansion values am generally larger than those of Warrick et at
(SAR Section 7.5.2.4, Figure 7.8), but the other terms are mostly
smaller (i.e., more negative in the case of Antarctica).

Warrick et al. included a positive term to allow for the
possible instability of the WA1S. We have omitted this because
it is now widely agreed that major loss of grounded ice and
accelerated sea level rise are very unlikely during the 21st
century ( Section 11.5.4.3). The size of our range is an indication of the systematic uncertainty in modelling radiative
forcing, climate and sea level changes. Uncertainties in
modelling the carbon cycle and atmospheric chemistry are not
covered by this range, because the AOGCMs are all given
similar atmospheric concentrations as input.
11.5.1.2 Projections for SRES scenarios
Few AOGCM experiments have been done with any of the
SRES emissions scenarios. Therefore to establish the range of
sea level rise resulting from the choice of different SRES
scenarios, we use results for thermal expansion and globalaverage temperature change from a simple climate model
based on that of Raper et al. (1996) and calibrated individually
for seven AOGCMs (CSIRO Mk2, CSM 1.3, ECHAM4/
OPYC3, GFDL_R 15_a, HadCM2, HadCM3, DOE PCM). The
calibration is discussed in Chapter 9, Section 9.3.3 and the
Appendix to Chapter 9. The AOGCMs used have a range of
effective climate sensitivity of 1.7 to 4.2°C (Table 9.1). We
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ice changes were calculated using a
Figure 11.12: Global average sea level rise 1990 to 2100 for the SRES scenarios. Thermal expansion and land
simple climate model calibrated separately for each of seven AOGCMs, and contributions from changes in pennafmst, the effect of sediment
deposition and the long-terrn adjustment of the ice sheets to past climate change were added. Each of the six lines appearing in the key is the
average of AOGCMs for one of the six illustrative scenarios. The region in dark shading shows the range of the average of AOGCMs for all 35
SRPS scenarios. The region in fight shading shows the range of all AOGCMs for all 35 scenarios. The region delimited by the outermost lines
shows the range of all AOGCMs and scenarios including uncertainty in land-ice changes, permafrost changes and sediment deposition. Note that
this range does not allow for uncertainty relating to ice-dynamical changes in the West Antarctic ice sheet. See 11.5.4.3 for a full discussion. The
bars show the range in 2100 of all AOGCMs for the six illustrative scenarios.

calculate land-ice changes using the global average temperature
change from the simple model and the global average mass
balance sensitivities estimated from the AOGCM IS92a experiments in Section 11.5.1.1 (Tables 11.12 and 11.13). We add
contributions from the continuing evolution of the ice sheets in
response to past climate change, thawing of permafrost, and the
effect of sedimentation (the same as in Section 11.5.1.1). The
methods used to make the sea level projections are documented
in detail in the Appendix to this chapter.

For the complete range of AOGCMs and SRES scenarios
and including uncertainties in land-ice changes, permafrost
changes and sediment deposition, global average sea level is
projected to rise by 0.09 to 0.88 to over 1990 to 2100, with a
central value of 0.48 m (Figure 11.12). The central value gives
an average rate of 2.2 to 4.4 times the rate over the 20th century.
The corresponding range reported by Warrick et at (1996)
(representing scenario uncertainty by using all the IS92
scenarios with time-dependent sulphate aerosol) was 0.13 to
0.94 m, obtained using a simple model with climate sensitivities

of 1.5 to 4.5°C. Their upper bound is larger than ours. Ice sheet
mass balance sensitivities derived from AOGCMs (see Section
11.5.1.1) are smaller ( less positive or more negative) than those
used by Warrick et al., while the method we have employed for
calculating glacier mass loss (Sections 11.2.2 and 11.5.1.1)
gives a smaller sea level contribution for similar scenarios than
the heuristic model of Wigley and Raper ( 1995) employed by
Warrick et al.

In addition, Warrick et al. included an allowance for icedynamical changes in the WAIS. The range we have given does
not include such changes. The contribution of the WAIS is
potentially important on the longer term, but it is now widely
agreed that major loss of grounded ice from the WAIS and
consequent accelerated sea-level rise are very unlikely during
the 21st century. Allowing for the possible effects of processes
not adequately represented in present models, two risk assessment studies involving panels of experts concluded that there
was a 5% chance that by 2100 the WAIS could make a substantial contribution to sea level rise, of 0.16 or (Titus and
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Figure 11.13: Sea level change in metres over the 21 st century resulting from thermal expansion and ocean circulation changes calculated from AOGCM experiments following the 1S92a
scenario and including the direct effect of sulphate aerosol (except that ECHAM4/OPYC3 G is shown instead of GS, because GS ends in 2050). Each field is the difference in sea level
change betwcen the last decade of the experiment and the decade 100 years earlier. See Tables 8.1 and 9.1 for further details of models and experiments.
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Table 11.15: Spatial standard deviation, local minimum and local maximum of sea level change during the 21st century due to ocean processes, from
AOGCM experiments following the 1S92a scenario for greenhouse gases, including the direct effect of sulphate aerosols. See Tables 8.1 and 9.1 for
further details of models and experiments. Sea level change was calculated as the difference between the final decade of each experiment and the
decade 100 years earlier. Sea level changes due to land ice and water storage are not included.

Divided by global average

Experiment

Std deviation

CGCMI GS

(tn)
0.07

Std deviation
0.19

Minimum
0.3

Maximum
1.6

CGCM2 GS
CSIRO Mk2 GS
ECHAM4/OPYC3 G'
GFDL_Rl5_b GS
GFDL_R30c GS
HadCM2 GS

0.08
0.05
0.10
0.05
0.07
0.06

0.23
0.15
0.34
0.18
0.25
0.29

0.2
0.5
-1.2
0.3
0.2
-0.1

2.2
1.3
2.3
1.8
2.5
1.7

HadCM3 GSIO

0.07

0.32

-0.5

2.2

0.04

0.35

-1.2

2.2

MRI2 GS

"This experiment does not include sulphate aerosols. The ECHAM4/OPYC3 experiment including sulphates extends only to 2050.

Narayanan, 1996) or 0.5 m (Vaughan and Sponge, 2001). These
studies also noted a 5% chance of WAIS contributing a sea level
fall of 0.18 m or 0.4 m respectively. (See Section 11.5.4.3 for a
full discussion.)
The range we have given also does not take account of
uncertainty in modelling of radiative forcing, the carbon cycle,
atmospheric chemistry, or storage of water in the terrestrial
environment. The recent publications by Gomitz et at. (1997)
and Sahagian (2000) indicate that this last term could be significant (Section 11.2.5). Future changes in terrestrial storage
depend on societal decisions on the use of ground water, the
building of reservoirs and other factors. We are not currently in
a position to make projections incorporating future changes in
these factors, although we note that the assumptions behind the
construction of the SRES scenarios imply increasing water
consumption, which may entail both more ground water extraction and more reservoir capacity. Continued anthropogenic
water storage on land at its current rate could change the
projected sea level rise 1990 to 2100 by between -0.21 and
+0.11 m. We emphasise that estimates of the relevant factors are
highly uncertain (see Sections 11.2.5 and 11.4).
The evolution of sea level rise for the average of the seven
AOGCMs for each of the six illustrative SRES scenarios is
shown in Figure 11.12, and the shading shows the range for all
35 SRES scenarios. It is apparent that the variation due to the
choice of scenario alone is relatively small over the next few
decades. The range spanned by the SRES scenarios by 2040 is
only 0.02 on or less. By 2100, the scenario range has increased
to 0.18 m, about 50% of the central value. All the AOGCMs
have a similar range at 2100 expressed as a fraction of their
central value. Of the six illustrative scenarios, AIFI gives the
largest sea level rise and BI the smallest.
The average-AOGCM range for all 35 scenarios (dark
shading in Figure 11.12) covers about one third of the allAOGCM range (light shading). That is, for sea level rise 1990
to 2100, the uncertainty in climate sensitivity and heat uptake,
represented by the spread of AOGCMs, is more important than
the uncertainty from choice of emissions scenario. This is

different for three reasons from the case of global average
temperature change (Section 9.3.2.1), where the scenario and
modelling uncertainties are comparable- First, the compensation between climate sensitivity and heat uptake does not apply
to thermal expansion. Second, models with large climate
sensitivity and temperature change consequently have a large
land-ice melt contribution to sea level. Third, both thermal
expansion and land-ice melt depend on past climate change,
being approximately proportional to the time-integral of
temperature change; the SRES scenarios differ by less in
respect of the time-integral of temperature change over the
interval 1990 to 2100 than they do in respect of the temperature
change at 2100.
11.5.2 Regional Sea Level Change
The geographical distribution of sea level change caused by
ocean processes can be calculated from AOGCM results (see
Gregory et at, 2001, for methods). This was not possible with the
simple climate models used by Warrick et at (1996). Results for
sea level change from ocean processes in the 21st century are
shown in Figure 11.13 for AOGCM experiments used in Section
11.5.1.1. Some regions show a sea level rise substantially more
than the global average (in many cases of more than twice the
average), and others a sea level fall (Table 11.15) (note that these
figures do not include sea level rise due to land ice changes). The
standard deviation of sea level change is 15 to 35% of the global
average sea level rise from thermal expansion.

In each of these experiments, a non-uniform pattern of sea
level rise emerges above the background of temporal variability
in the latter part of the 21 st century. However, the patterns given
by the different models (Figure 11.13) are not similar in detail.
The largest correlations are between models which are similar in
formulation: 0.65 between CGCMI and CGCM2, 0.63 between
GFDL_R15_b and GFDL_R30_c. The largest correlations
between models from different centres are 0.60 between CSIRO
Mk2 and HadCM2, 0.58 between CGCM2 and GFDL_R30 c.
The majority of correlations are less than 0.4, indicating no
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significant similarity (Gregory et al., 2001). The disagreement
between models is partly a reflection of the differences in ocean
model formulation that are also responsible for the spread in the
global average -heat uptake and thermal expansion (Sections
11.2.1.2, 11.5.1.1). In addition, the models predict different
changes in surface windstress, with consequences for changes in
ocean circulation and subduction. More detailed analysis is
needed to elucidate the reasons for the differences in patterns.
The lack of similarity means that our confidence in predictions of
local sea level changes is low. However, we can identify a few
common features on the regional and basin scale (see also
Gregory et al., 2001).
Seven of the nine models in Table 11.14 (also Bryan, 1996;
Russell et at, 2000) exhibit a maximum sea level rise in the Arctic
Ocean. A possible reason for this is a freshening of the Arctic due
to increased river runoff or precipitation over the ocean (Bryan,
1996; Miller and Russell, 2000). The fall in salinity leads to a
reduction of density, which requires a compensating sea level rise
in order to maintain the pressure gradient at depth.
Seven of the models (also Gregory, 1993; Bryan, 1996) show
a minimum of sea level rise in the circumpolar Southern Ocean
south of 60°S. This occurs despite the fact that the Southern
Ocean is a region of pronounced heat uptake (e.g., Murphy and
Mitchell, 1995; Hirst et at, 1996). The low thermal expansion
coefficient at the cold temperatures of the high southern latitudes,
changes in wind patterns and transport of the heat taken up to
lower latitudes are all possible explanations.
Bryan (1996) draws attention to a dipole pattern in sea level
change in the north-west Atlantic; there is a reduced rise south of
the Gulf Stream extension and enhanced rise to the north, which
corresponds to a weakening of the sea surface gradient across the
current. This would be consistent with a weakening of the upper
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Figure 11.14: Frequency of extreme water level, expressed as return
period, from a storm surge model for present day conditions (control)
and the projected climate around 2100 for Immingham on the east
coast of England, showing changes resulting from mean sea level rise
and changes in meteorological forcing. The water level is relative to
the sum of present day mean sea level and the tide at the time of the
surge. (From Lowe et at, 2001.)

branch of the North Atlantic circulation, which is a response to
greenhouse warming observed in many AOGCM experiments
(e.g., Manabe and Stouffer, 1993, 1994; Hirst, 1998). This can be
seen in all the models considered here except ECHAM4/OPYC3,
in which the Atlantic thennohaline circulation does not weaken
(Latif and Roeckner, 2000).
Local land movements, both isostatic and tectonic (Sections
11.2.4.1, 11.2.6), will continue in the 21st century at rates which
are unaffected by climate change, and should be added to the
regional variation described in this section. On account of the
increased eustatic rate of rise in the 21st century (Section 11.5.1)
it can be expected that by 2100 many regions currently experiencing relative sea level fall owing to isostatic rebound will
instead have a rising relative sea level.
All the global models discussed here have a spatial resolution of I to 3°. To obtain information about mean sea level
changes at higher resolution is currently not practical; a regional
model such as that of Kauker (1998) would be needed.
11.5.31mplicafions for Coastal Regions
To determine the practical consequences of projections of global
sea level rise in particular coastal regions, i t is necessary to
understand the various components leading to relative sea level
changes. These components include local land movements,
global eustatic sea level rise, any spatial variability from that
global average, local meteorological changes and changes in the
frequency of extreme events.
11.5.3.1 Mean sea level
Titus and Narayanan (1996) propose a simple method for
computing local projections of mean sea level rise given historical observations at a site and projections of global average sea
level (such as Figure 11.12). To allow for local land movements
and our current inability to model sea level change accurately
(Section 11.4), they propose linearly extrapolating the historical
record and adding to this a globally averaged projection.
However, they point out that to avoid double counting, it is
necessary to correct the global projection for the corresponding
modelled trend of sea level rise during the period of the historical observations. Caution is required in applying this method
directly to the projections of this chapter for several reasons.
First, current model projections indicate substantial spatial
variability in sea level rise. This variability has a standard
deviation of up to 0.1 in by 2100; some locations experience a
sea level rise of more than twice the global-average thermal
expansion, while others may have a fall in sea level (Section
11.5.2; Table 11.15). Second, there are uncertainties in the
accuracy of the trend from the historical record and in modelling
of past sea level changes (Sections 11.3.2.1 and 11.4). Third, as
well as changes in mean sea level there may be changes in the
local meteorological regime resulting in modified storm surge
statistics (Section 11.5.3.2). If the method of Titus and
Narayanan is not applied, it is nonetheless important to
recognise that in all models and scenarios the rate of local sea
level rise in the 21st century is projected to be greater than in the
20th century at the great majority of coastal locations.
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11.5.3.2 Extremes of sea level: stornr surges and waves
The probability of flood risk in coastal areas is generally
expressed in terms of extreme sea level distributions. Such distributions are usually computed from observed annual maximum
sea levels from several decades of tide gauge data, or from
numerical models. While such distributions are readily available
for many locations, a worldwide set has never been computed to
common standards for studies of impacts of global sea level
change.
,
Changes in the highest sea levels at a given locality could
result mainly from two effects. First, if mean sea level rises, the
present extreme levels will be attained more frequently, all else
being equal. This may imply a significant increase in the area
threatened with inundation (e.g., Hubbert and Mclnnes, 1999)
and an increased risk within the existing flood plain. The effect
can be estimated from a knowledge of the present day
frequency of occurrence of extreme levels (e.g., Flather and
Khandker, 1993; Lowe et al., 2001; Figure 11.14).
Second, changes in storm surge heights would result from
alterations to the occurrence of strong winds and low
pressures. At low-latitude locations, such as the Bay of Bengal,
northern Australia and the southern USA, tropical cyclones are
the primary cause of storm surges. Changes in frequency and
intensity of tropical cyclones could result from alterations to
sea surface temperature, large-scale atmospheric circulation
and the characteristics of ENSO (Pittock et al., 1996) but no
consensus has yet emerged ( see Box 10.2). In other places,
such as southern Australia and north-west Europe, storm
surges are associated with tnid-latitude low-pressure Systems.
For instance, Hubbert and McInnes ( 1999) showed that
increasing the wind speeds in historical storm surge events
associated with the passage of cold fronts could lead to greater
flooding in Port Phillip Bay, Victoria, Australia. Changes in
extratropical storms also cannot be predicted with confidence
(Section 9.3.6.3).
Several studies have attempted to quantify the
consequences of changes in storm climatology for the north-

west European continental shelf using regional models of the
atmosphere and ocean. Using five-year integrations of the
ECHAM T106 model for present and doubled Co, Von Storeh
and Reichardt (1997) and Flather and Smith (1998) did not find
any significant changes in extreme events compared with the
variability of the control climate (see also WASA Group,
1998). However, Langenberg et al. (1999) reported increases
of 0.05 to 0.10 in in five-winter-mean high-water levels around
all North Sea coasts, judged to be significant compared with
observed natural variability. Lowe et al. (2001) undertook a
similar study using multi-decadal integrations of the Hadley
Centre regional climate model for the present climate and the
end of the 21st century (Figure 11.14), finding statistically
significant changes of up to 0.2 in in five-year extremes in the
English Channel. Differences between these various results
relate to the length of model integration and to systematic
uncertainty in the modelling of both the atmospheric forcing
and the ocean response.
Changes in wind forcing could result in changes to wave
heights, but with the short integrations available, the WASA
Group (Rider et al., 1996) were not able to identify any significant changes for the North Atlantic and North Sea for a
doubling of CO,. Gunther et at (1998) noted that changes in
future wave climate were similar to patterns of past variation.
11.5.4 Longer rem Changes
Anthropogenic emissions beyond 2100 are very uncertain, and
we can only indicate a range of possibilities for sea level change.
On the time-scale of centuries, thermal expansion and ice sheet
changes are likely to be the most important processes.

11.5.4.1 Thermal expansion
The most important conclusion for thermal expansion is that it
would continue to raise sea level for many centuries after stabilisation of greenhouse gas concentrations, so that its eventual
contribution would be much larger than at the time of stabilisation.

Table 11.16: Sea level rise due to thermal expansion in 2xCO2 and 4xCO, esperinrents. See Chapter 8. Table 8.1 for further details of models.

CLIMBER

ECHAM3/LSG

Sea level rise (m)
in 2xCO2 experiment
at2xC02
SOOyrlater
(dhr)
(dhz)
0.16
0.67

0.06

0.57

Ahz/dht

Final sea level rise (m)
2xC02
experiment

4xC02
experiment

4.2

0.78

1.44

9.2

1.53a

2.56°

GFDL_R15_a

0.13

1.10

8.5

1.96

3A6

HadCM2
BERN2D GM
BERN2D HOR

0.09
0.23
0.22

0.70
1.12
0.92

7.8
4.9
4.2

1.93
1.28

3.73
4.30

UVic GM
UVic H
UVic HBL

0.11
0.13
0.10

0.44
0.71
0.44

3.9
5.6
4.3

0.53
1.19
0.65

1.24
2.62
1.78

' Estimated from the ECJIAM3/LSG experiments by fitting the time series with exponential impulse response f u nctions ( Voss and Mikolajewicz, 2001).
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Figure 11.15: Global average sea level rise from thermal expansion in model experiments with CO2 (a) increasing
then held constant at 2x its initial (preindustrial) concentration; (b) increasing at 1%/yr for 140 years and then held constant at 4x its initial
(preindusbial) concentration.
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A number of investigations have aimed to quantify this delayed
but inevitable consequence of the enhanced greenhouse effect,
using a simple scenario in which carbon dioxide concentration
increases rapidly (at 1'9olyr, not intended as a realistic historical
scenario) up to double or four times its initial value (referred to
as 2xCO2 and 4xCO2), and thereafter remains constant. (2xCO2
is about 540 ppm by volume, and 4xCO2 about 1080 ppm.) Long
experiments of this kind have been ran with three AOGCMs
(Chapter 8, Table 8.1): GFDL (Manabe and Stouffer, 1994;
Stouffer and Manabe, 1999), ECHAM3/LSG (Voss and
Mikolajewicz, 2001) and HadCM2 (Senior and Mitchell, 2000),
but owing to the computational requirement, only one of these
(GFDL) has been continued until a steady state is reached.
Models of intermediate complexity (Chapter 8, Table 8.1) have
also been employed: CLIMBER, BERN2D and UVic. These
models have a less detailed representation of some important
processes, but are less expensive to run for millennia.
Thermal expansion could be greater in one model than
another either because the surface warming is larger, or because
the warming penetrates more deeply (Figure 11.15, Table 11.16;
the suffixes to the BERN2D and UVic model names indicate
versions of the models with different parametrizations of beat
transport processes). For instance, UVic H and UVic GM show
markedly different expansion, although they have similar surface
warming (Weaver and Wiebe, 1999). The 4xCO2 experiment
with each model generally has around twice the expansion of the
2xCO2 experiment, but the BERN2D HOR 4xCO2 experiment
has more than three times, because the Atlantic theranahaline
circulation collapses, permitting greater warming and adding

vertical temperature gradient is maintained, although in some
cases weakened. If the whole depth of the ocean warmed to
match the surface temperature, thermal expansion would be
considerably larger.
The long time-scale (of the order of 1,000 years) on which
thermal expansion approaches its eventual level is characteristic
of the weak diffusion and slow circulation processes that
transport heat to the deep ocean. On account of the time-scale,
the thermal expansion in the 2xCO2 experiments after 500 years
of constant CO2 is 4 to 9 times greater than at the time when the
concentration stabilises. Even by this time, it may only have
reached half of its eventual level, which models suggest may lie
within a range of 0.5 to 2.0 m for 2xCO, and I to 4 m for 4xCO2.
For the first 1,000 years, the 4xCO, models give 1 to 3 m.
11.5.4.2 Glaciers and ice caps
Melting of all existing glaciers and ice caps would raise sea level
by 0.5 m (Table 11.3). For 1990 to 2100 in IS92a, the projected
loss from land-ice outside Greenland and Antarctica is 0.05 to
0.11 rat (Table 11.12). Further contraction of glacier area and
retreat to high altitude will restrict ablation, so we cannot use the
21st century rates to deduce that there is a time by which all
glacier mass will have disappeared. However, the loss of a
substantial fraction of the total glacier mass is likely. The
viability of any particular glacier or ice cap will depend on
whether there remains any part of it, at high altitude, where
ablation does not exceed accumulation over the annual cycle.
Areas which are currently marginally glaciated arc most likely to
become ice-free.

about 0.5 m to thermal expansion (KnuOi and Stocker, 2000).
(See also Section 9.3.4.4.) In all the models reported here, a

2400
Year AD
Figure 11.16: Response of the Greenland Ice Sheet to three climatic
warming scenarios during the third millennium expressed in equivalent
changes of global sea level. The curve labels refer to the mean annual
temperature rise over Greenland by 3000 AD as predicted by a twodimensional climate and ocean model forced by greenhouse gas
concentration rises until 2130 AD and kept constant after that (From
Huybrechts and De Wolde, 1999.) Note that projected temperatures
over Greenland are generally greater than globally averaged temperaones (by a factor of 1.2 to 3.1 for the range of AOt.:CMs used in this
chapter). See Table 11.I3 and Chapter 9, Fig 9.IOc.

71.5.4.3 Greenland and Antarctic ice sheets
Several modelling studies have been conducted for time periods
of several centuries to millennia ( Van de Wal and Oerlemans,
1997; Warner and Budd, 1998; Huybrechts and De Wolde, 1999;
Greve, 2000). A main conclusion is that the ice sheets would
continue to react to the imposed climatic change during the next
millennium, even if the warming stabilised early in the 22nd
century. Whereas Greenland and Antarctica may largely
counteract one another for most of the 21st century (Section
11.2.3.4), this situation would no longer hold after that and their
combined contribution would be a rise in sea level.
Greenland ice sheet
The Greenland ice sheet is the most vulnerable to climatic
warming. As the temperature rises, ablation will increase. For
moderate warming, the ice sheet can be retained with reduced
extent and modified shape if this results in less ablation and/or a
decrease in the rate of ice discharge into the sea, each of which
currently account for about half the accumulation (Section
11.2.3). The discharge can be reduced by thinning of the ice sheet
near the grounding line. Ablation can be reduced by a change in
the area-elevation distribution. However, once ablation has
increased enough to equal accumulation, the ice sheet cannot
survive, since discharge cannot be less than zero. This situation
occurs for an annual-average warming of 2.7°C for the present
ice-sheet topography, and for a slightly larger warming for a
retreating ice sheet (Huybrechts et at, 1991; see also Oerlemans,
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believed to buttress the grounded ice sheet and prevent it from
collapsing. Recent work, however, both modelling and measurement, places greater emphasis on the other ice stream
boundaries. Force balance studies on Ice Stream B show no
evidence of stresses generated by the Ross ice shelf, and
mechanical control emanates almost entirely from the lateral
margins (Whillans and Van der Veen, 1997). If confirmed for the
other Siple Coast ice streams, this suggests ice stream flow fields
to be little influenced by conditions in the ice shelf, similar to the
situation elsewhere at the Antarctic margin (Mayer and
Huybrechts, 1999).
Nonetheless, there is a considerable body of evidence for ice
stream variability, and the above analyses may not apply to
dynamic situations involving large thinning or grounding line
change. Ice Stream C largely stopped about a century ago
(Retzlaff and Bentley, 1993) and ice Stream B decelerated by
20% within a decade (Stephenson and Bindschadler, 1988). The
mechanisms for these oscillations are not well understood and
have been ascribed to processes such as basal water diversion to
a neighbouring ice stream (Anandakrishnan and Alley, 1997) or
thermomechanical interactions between competing catchment
areas (Payne, 1998). Despite ice stream variability in the latter
model on the millenial time-scale, tl-^c ovcrall volume of the
WAIS hardly changed, supporting the suggestion that ice streams
may act to remove the imbalance of individual drainage basins
and to stabilise rather than destabilise WAIS (Hindmarsh, 1993).
The WAIS was much larger during the LGM and has
probably lost up to two thirds of its volume since then
(Bindschadler, 1998). The largest losses have bccn from
grounding line retreat below the present WAIS ice shelves (Ross
and Filchner-Ronne), most likely as a gradual response to rising
West Antarctic ice sheet
sea levels subsequent to melting of the Northern Hemisphere ice
The WAIS contains enough ice to raise sea level by 6 in. It has
sheets (Ingolfsson et at, 1998). Local imbalances, both positive
received particular attention because it has been the most
and negative, are presently occurring (Shabtaie and Bentley,
dynamic part of the Antarctic ice sheet in the recent geological
1987; Whillans and Bindschadler, 1988; Bindschadler and
past, and because most of it is grounded below sea level - a
Vomberger, 1998; Hamilton et at., 1998; Rignot, 1998a,b;
situation that according to models proposed in the 1970s could
Wingham, et at, 1998), but there is no conclusive observational
lead to flow instabilities and rapid ice discharge into the ocean
evidence (from monitoring of surface elevation, see Section
when the surrounding ice shelves are weakened (Thomas, 1973;
11.2.3.2) that WAIS overall is making a significant contribution
Weertman, 1974; Thomas et al., 1979). Geological evidence
suggests that WAIS may have been smaller than today at least to global average sea level change (Bentley, 1997, 1998a,b;
Bindschadler, 1998; Oppenheimer, 1998; Wingham et at 1998).
once during the last million years (Scherer et at, 1998). The
Conway et at (1999) suggest that grounding line retreat since the
potential of WAIS to collapse in response to future climate
LGM may still be ongoing, giving an average rate of recession
change is still a subject of debate and controversy.
conesponding to a rate of sea level rise of 0.9 mm/yr
The discharge of the WATS is dominated by fast-flowing ice
(Bindschadler, 1998). If projected into the future, this would
streams, dynamically constrained at four boundaries: the transiimply disappearance of WAIS in 4,000 to 7,000 years
tion zone where grounded ice joins the floating ice shelf (Van der
(Bindschadler, 1998). However, geological estimates of ocean
Veen, 1985; Herterich, 1987). the interface of ice with bedrock
volume increase over the last 6,000 years place an upper limit of
that is lubricated by sediment and water (Blankenship et at,
about half this amount on global sea level rise (Section 11.3.1).
1998),
the
shear
et
at,
1998[
Bell
1986; Anandakrishnan et at,
Recent spectacular break-ups of the Larsen ice shelves in the
zone where fast-moving ice meets relatively static ice at the
Antarctic Peninsula (Vaughan and Doake, 1996; Doake et at,
transverse margins of ice streams (Echehneyer et at, 1994;
1998) demonstrate the existence of an abrupt thermal limit on ice
Jacobson and Raymond, 1998), and the ice-stream onset regions
shelf viability associated with regional atmospheric warming
where slowly flowing inland ice accelerates into the ice streams,
Mechanisms have been proposed for dynamic changes at each of (Skvarca et at, 1998). However, the WAIS ice shelves are not
immediately threatened by this mechanism, which would require
these boundaries.
a further warming of 10°C before the -5°C mean annual isotherm
Early studies emphasised the role of the ice shelf boundary
reached their ice fronts (Vaughan and Doake, 1996). Although
in ice discharge by introducing the concept of a "back-stress"

1991; Van de Wal and Oerlemans, 1994). Models show that under
these circumstances the Greenland ice sheet eventually
disappears, except for residual glaciers at high altitudes. By using
the AOGCM ratios of the Greenland temperature to the global
average (Table 11.13) with the results of the calibrated simple
model (Section 11.5.1-2 and Chapter 9, Section 9.3.3) we project
increases in Greenland temperatures by 2100 of more than 2.7°C
for nearly all combinations of SRES scenarios and AOGCMs.
The maximum by 2100 is 9°C.
Huybrechts and De Wolde (1999) (Figure 11.16) (see also
Letreguilly et al., 1991) find the Greenland ice sheet contributes
about 3 in of sea level rise equivalent over a thousand years under
their mid-range scenario, in which the Greenland temperature
change passes through 4°C in 2100 before stabilising at 5.5°C
after 2130. Taking into account the high-latitude amplification of
warming, this temperature change is consistent with mid-range
stabilisation scenarios (Chapter 9, Section 9.3.3.1 and Figure
9.17(b)). For a warming of 8°C, they calculate a contribution of
about 6 in. Their experiments take into account the effect of
concomitant increases in precipitation (which reduces sensitivity)
but also of the precipitation fraction falling as rain (which
strongly enhances sensitivity for the larger temperature
increases). Disregarding the effects of accumulation changes and
rainfall, Greve (2000) reports that loss of mass would occur at a
rate giving a sea level rise of between I mm/yr for a year-round
temperature perturbation of 3°C to as much as 7 mm/yr for a
sustained warming of 12°C, the latter being an extreme scenario
in which the ice sheet would be largely eliminated within 1,000
years.
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atmospheric warming would increase the rate of deformation of
the ice, causing the ice shelf to thin, response time-scales are of
the order of several hundred years (Rommelaere and MacAyeal,
1997; Huybrechts and de Wolde, 1999).
In view of these considerations, it is now widely agreed that
major loss of grounded ice, and accelerated sea level rise, is very
unlikely during the 21st century. An interdisciplinary panel of
international experts applying the techniques of risk assessment
to the future evolution of WAIS concluded that there is a 98%
chance that WAIS will not collapse in the next 100 years, defined
as a change that contributes at least 10 mm/yr to global sea level
change (Vaughan and Sponge, 2001). The probability of a contribution to sea level (exceeding 0.5 m) by the year 2100 was 5%.
These results are broadly consistent with an earlier assessment by
Titus and Namyanan (1996) based on a US-only panel, who
found a5% chance of a O.16 m contribution and 1% chance of a
0.3 m contribution to sea level rise from WAIS by 2100. We note
that Vaughan and Sponge also report a probability of 5% for
WAIS giving a sea level fall exceeding 0.4 m within the same
time frame, while Tims and Narayanan give 0.18 m.
Nonetheless, on a longer time-scale, changes in ice dynamics
could result in significantly increased out0ow of ice into the ice
shelves and a grounding line retreat. Large-scale models show
both of these phenomena to be sensitive to basal melting below the
ice shelves (Warner and Budd, 1998; Huybrechts and De Wolde,
1999). Model studies do not agree on the sensitivity of the basal
melting to an oceanic warming: for instance, one shows a quadrupling of the basal melting rate below the Amery ice shelf in East
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rates are not attainable. It is, therefore, also plausible that WAIS
may not make a significant contribution to sea level rise over
time-scales Less than a millennium. Vaughan and Spouge (2001)
attribute a 50% probability to the latter scenario, but retained an
equally large probability that the sea level rise will be larger than
2 mm/yr after 1,000 years, emphasising the inadequacy of our
current understanding of the dynamics of WAIS, especially for
predictions on the longer time-scales.
Independent of bottom melting below the ice shelves and the
possibility of an ice-dynamic instability, surface melting sets an
upper temperature limit on the viability of the Antarctic ice sheet,
because runoff would eventually become the dominant wastage
mechanism (as would be the case for Greenland in a climate
several degrees warmer than today). For warmings of more than
10°C, simple runoff models predict that an ablation zone would
develop around the Antarctic coast, making the mass balance at
sea level sufficiently negative that the grounded ice would no
longer be able to feed an ice shelf. Also the WAIS ice shelves
would disintegrate to new to their inland limits as summer
temperatures rise above the thermal limit of ice shelf viability
believed to be responsible for the recent collapse of ice shelves at
the northern tip of the Antarctic Peninsula. Disintegration of
WAIS would in that case result, because the WAIS cannot retreat
to higher ground once its margins are subjected to surface
melting and begin to recede (Huybrechts, 1994). Depending on
the strength of the warming, such a disintegration would take at
least a few millennia.

Antarctica for an adjacent sea warming of 1°C (Williams et at,
1998), while another claims that warmer sea temperatures would
reduce melting rates below the Ronne-Filchner ice shelves

East Antarctic ice sheet

through alteration to sea-ice formation and the thermohaline
circulation (Nicholls, 1997). Changes in open ocean circulation

has not occurred for at least the last 15 million years (Barker et

may also play a role. Warner and Budd (1998) suggest that even

scenario of climatic change currently under consideration. In that
case, the ice sheet would decay over a period of at least 10,000
years. However, the recent inference of complex now patterns in

for moderate climatic warmings of a few degrees, a large increase
in bottom melting of 5 m/yr becomes the dominant factor in the

Thresholds for disintegration of the East Antarctic ice sheet by
surface melting involve warmings above 20°C, a situation that
at, 1999), and which is far more than thought possible under any

longer-term response of the Antarctic ice sheet. In their model, this

the interior of the East Antarctic ice sheet demonstrates the

causes the demise of WA[S ice shelves in a few hundred years and
would float a large pan of the WAIS (and marine portions of East

existence of ice-streaming features penetrating far inland, which
may be indicative of a more dynamic regime than believed so far
(Bamber et al., 2000; Huybrechts et al., 2000).

Antarctica) after 1,000 years. Predicted rates of sea level rise are
between 1.5 and 3.0 mm/yr depending on whether accumulation
rates increase together with the warming. Allowing for runoff in
addition to increased accumulation, Huybrechts and De Wolde
(1999) find a maximum Antarctic contribution to global sea level
rise of 2.5 mm/yr for an extreme scenario involving a warming of
8°C and a bottom melting rate of 10 m/yr. These figures are upper
limits based on results currently available from numerical models,
which do not resolve ice streams explicitly and which may not
adequately predict the effect of ice shelf thinning on grounding
line retreat owing to physical uncertainties.

Based on a wide-ranging review, Oppenheimer (1998)
argues that WAIS could disintegrate within five to seven centuries
following a warming of only a few degrees. Such a collapse
implies a rate of sea level rise of 10 mtrttyr and an average speedup of the total outflow by at least a factor of 10 (Bentley, 1997,
1998a,b). However, the majority opinion of a recent expert panel
reported by Vaughan and Sponge (2001) is that such outflow

11.6 Reducing the Uncertainties in Future Estimates of Sea
Level Change
It is valuable to note that the reduction in the uncertainty of
estimation of the long-term ice sheet imbalance reported in
Sections 11.3.1 and 11.4 came from indirect constraints and the
synthesis of information of different types. Such syntheses offer
promise for further progress.
71.6.1 Observations of Current Rates of Global-averaged and
Regional Sea Level Change
Sections 11.3.2.1 and 11.4 reveal significant uncertainty in the
analysis of 20th century sea level change. Also, we have little
knowledge of the regional pattern of sea level change.
Observational determination of such a pattern would be a
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powerful test of the coupled models required for projections of
globally averaged and regional sea level rise. Requirements for
reducing uncertainties include:
• A global tide gauge network (the `GLOSS Core Network')
(IOC, 1997) for measuring relative change.
• A programme of measurements of vertical land movements at
gauge sites by means of GPS (Global Positioning System),
DORIS Beacons and/or absolute gravity meters (Neilan et at,
1998).
• Improved models of postglacial rebound.
• A reanalysis of the historical record, including allowing for the
impact of variable atmospheric forcing.
• A subset of mostly island tide gauge stations devoted to ongoing
calibration of altimetric sea level measurements (Mitchum,
1998).
• An ongoing high-quality (TOPEX/POSEIDON class) satellite
radar altimeter mission (Koblinsky et al., 1992) and careful
control of biases within a mission and between missions.
• Space gravity missions to estimate the absolute sea surface
topography (Balmino et at., 1996, 1999) and its temporal
changes, to separate thermal expansion from an increase in
ocean mass from melting of glaciers and ice sheets (NASA,
1996, NRC, 1997) and changes in terrestrial storage.
For assessment of possible changes to the severity of storm
surges, analyses of historical storm surge data in conjunction with
meteorological analyses are needed for the world's coastlines,
including especially vulnerable regions.
11.6.2

Ocean Processes

Requirements for improved projections of ocean thermal
expansion include• Global estimates of ocean thermal expansion through analysis
of the historical data archive of ocean observations and a
programme of new observations, including profiling floats
measuring temperature and salinity and limited sets of fulldepth repeat oceanographic sections and time-series stations.
• Testing of the ability of AOGCMs to reproduce the observed
three-dimensional and time-varying patterns of ocean thermal
expansion.
• An active programme of ocean and atmosphere model improvement, with a particular focus on the representation of processes
which transport heat into and within the interior of the ocean.
11.6.3

Glaciers and Ice Caps

Requirements for improved projections of glacier contributions
include (see also Haeberli et at., 1998):
• A strategy of worldwide glacier monitoring, including the
application of remote sensing techniques (laser altimetry, aerial
photography, high-resolution satellite visible and infrared
imagery e.g. from ASTER and Landsat).
• A limited number of detailed and long-term mass balance
measurements on glaciers in different climatic regions of the
world, with an emphasis on winter and summer balances in
order to provide a more direct link with meteorological
observations.

• Development of energy balance and dynamical models for more
detailed quantitative analysis of glacier geometry changes with
respect to mass balance and climate change.
• Glacier inventory data to determine the distribution of glacier
parameters such as area and area-altitude relations, so that mass
balance, glacier dynamics and runoff/sea level rise models can
be more realistically framed.
11.6.4

Greenland and Antarctic Ice Sheets

• Continued observations with satellite altimeters, including the
upcoming satellite laser altimeter on ICESat and the radar
interferometer on CRYOSAT. Measurements should be
continued for at least 15 years (with intercalibration between
missions) to establish the climate sensitivities of the mass
balance and decadal-scale trends.
• Satellite radar altimetry and synthetic aperture radar interferometry (ERS-1, ERS-2 and Radarsat) for detailed topography,
changes in ice sheet volume and surface velocity of the ice
sheets (Mohr et at, 1998; Joughin et at, 1999), as well as
short-term variability in their flow (Joughin et at., 1996a,b) and
grounding line position (Rignot, 1998a,b,c).
• Determination of the Earth's time-variant gravity field by the
Gravity Recovery and Climate Experiment (GRACE) satellite
flown concurrently with ICESat to provide an additional
constraint on the contemporary mass imbalances (Bentley and
Wahr, 1998). This could provide estimates of sea level change
to an accuracy of ±0.35 mm/yr.
• Geological observations of sea level change during recent
millennia combined with improved postglacial rebound models
and palaeoclimatic and palaeoglaciological studies to learn
what changes have occurred in the past.
• Further analysis of Earth rotational parameters in combination
with sea level measurements.
• Improved estimates of surface mass balance (including its
spatial and temporal variability) from in situ observations,
accumulation rates inferred from atmospheric moisture budgets
and improved estimates of the rate of iceberg calving and the
melt-water flux.
• Improved calculation of the surface mass balance within ice
sheet models or by atmospheric models, with attention to
modelling of changes in sea-ice concentration because of the
consequent effect on moisture transports and accumulation.
• Improved understanding and modelling of the dynamics of ice
sheets, ice streams and ice shelves (requiring combined studies
using glaciological, oceanographic and satellite observations),
including the physics of iceberg calving.
11.6.5

Surface and Ground Water Storage

Surface and groundwater storage changes are thought to behaving
a significant impact on sea level, but their contribution is very
uncertain (Table 11.10, Figure 11.9), and could be either positive
or negative. They may become more important in the future, as a
result of changes related not only to climate, but also to societal
decisions that are beyond the scope of this scientific assessment.
There are several general issues in climate-related aspects:
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• A more thorough investigative search of historical records could
provide addition information on ground water mining, and
storage in reservoirs.
• Accurate satellite measurements of variations in the Earth's
gravity (Herring, 1998) to detect changes in land water storage
due to water-table variations and impoundments.
• A better understanding of seepage losses beneath reservoirs and
in irrigation is required.
• A unified systems approach is needed to trace the path of water
more accurately through the atmosphere, hydrologic, and
biosphere sub-systems, and to account for various feedbacks
(including the use of GCMs and improved hydrologic models).
• Satellite remote sensing offers useful technology for monitoring
the global hydrologic budget. A cumulative volume estimate
for the many small reservoirs might be possible using highresolution radar data, targeted ground studies and a classification of land use classes from satellite data and also of changes
in deforestation and other land-use transformations (Koster et
al., 1999).
17.6.6

Summary

Sea level change involves many components of the climate
system and thus requires a broad range of research activities. A
more detailed discussion of the requirements is given in the
report of the recent IGBP/GAIM Workshop on sea level changes
(Sahagian and Zerbini, 1999). We recognise that it is important to
assign probabilities to projections, but this requires a more
critical and quantitative assessment of model uncertainties than is
possible at present.
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Appendix 11.1: Methods for projections of global-average sea level rise

This Appendix describes the methods used in this report to make sea level rise projections for the SRES scenarios for the 21 st
century. The results are discussed in Section 11.5.1.2 and shown in Figure 11.12 and Appendix li.
Global-average sea-level rise At(t) is a function of time t and is expressed relative to the level in 1990. It comprises several
components, which are all zero at 1990:

eh(t) = x(t) + g(t) + G(t) + A(t) +/(t) + p(t) + s(t)
The components are sea-level rise due to:
thermal expansion.
X
loss of mass of glaciers and ice caps.
g
loss of mass of the Greenland ice sheet due to projected and recent climate change.
G
loss of mass of the Antarctic ice sheet due to projected and recent climate change.
A
loss of mass of the Greenland and Antarctic ice sheets due to the ongoing adjustment to past climate change.
I
runoff
from thawing of permafrost.
p
deposition of sediment on the ocean floor.
s
The components X, g, G and A are estimated for each of 35 SRES scenarios using the projections of an upwelling-diffusion
energy-balance (UD/EB) model calibrated separately for each of seven AOGCMs (Appendix 9.1).
Thermal expansion X is obtained directly from the thermal expansion Xm(t) projected by the UD/EB model:

X(t) = Xm(t) - Xm(1990)
No uncertainty is included in this term, because the uncertainty is sufficiently represented by the use of a range of AOGCMs.
The term g from glaciers and ice caps is estimated using the global average temperature change T(t) projected by the UB(EB
model. First, we obtain the loss of mass g, with respect to the glacier steady state without taking contraction of glacier area into
account.

r
aB
ga(t)=8t^+^ (T1^+ATy+Tm(P)-Tm(1990)) g dt'
t99o
aTg

where gtm is the sea-level rise from glaciers and ice caps up to 1990 calculated from AOGCM results without contraction of
glacier area, Tt^ is the AOGCM global average temperature change at 1990 with respect to the climate of the late 19th century,
ATa = 0.15 K the difference in the global average temperature between the late 19th century and the glacier steady state (see
11.5.1.1) and dBt7dTr is the sensivity of global glacier mass balance for constant glacier area to global-average temperature
change, expressed as sea level equivalent (from Table 11.1 ]). Second, we estimate the loss of mass g, with respect to the glacier
steady state taking into account contraction of glacier area. This is done by using an empirical relationship between the loss of
mass for changing and for constant area. The relationship was obtained by a quadratic fit to the AOGCM IS92a results of Section
115.1.1.

gs(t) = 0.934ga (t) - 1. 165g.2 (t)
for g„ and g, in metres. Third, we calculate the change since 1990.

g(t) - 8, (t) - gr (1990)
The uncertainty 5g(t) on this term is calculated assuming an uncertainty of ±40% (standard deviation) in the mass balance
sensitivities, as discussed in Section 11.5.1.1.

5g(l) = 0.40g(t)
The term G from the Greenland ice sheet is calculated according to

G(t)

J990 (Tt^ + Tm(t^ - Tm(1990)) ^g dt'

where dBt/dTr is the sensitivity of the Greenland mass balance to global-average temperature change, expressed as sea level
equivalent (from Table 1].12). The uncertainty on this term comprises two components, as discussed in Section 11.5.1.1. The
first uncertainty is a mass balance uncertainty
SGt(t)=fr (T1990+Tm(t')-Tm(1990)) ^TOSmadt'
1990

^Tg

where Smo = 0.05 mmtyrNC andATddTs is the ratio of Greenland average temperature change to global average temperature
from ablation parametrization,
change (from Table 11.12). The first uncertainty is the combination in quadrature of 0.03 mmtyrNC
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0.03 mm/yrPC from high-resolution patterns, and 0.02 mmtyr/°C from precipitation changes, as discussed in section 11.5.1.1.
The second uncertainty is an ice-dynamic uncenainty,

SG20) = 0,1 G(t)
The term A from the Antarctic ice sheet is calculated according to
A(t) = ^t (Ttyyp + Tm(t') - Trn(1990))
" dt'
dTg
t99o
where dBqldTt is the sensitivity of theAntarctic mass balance to global-average temperature change, expressed as sea level
equivalent ( from Table 11.12). Ice-dynamical uncertainty for the Antarctic is not included and is discussed in Section 11-5.4.3.
There is no uncertainty for ablation. Precipitation change uncertainty is calculated as discussed in Section 11.5.1.1 according to

6A(t)=^t (TI^+Tm(t')-Tm(1990)) ^T" SmAdt'
ETg

1990

where Sm,r = 0.08 nn/yr/°C and AT/AT, is the ratio of Antarctic average temperature change to global average temperature
change ( from Table 11.12).

The uncertainties on the above terms are combined in quadrature:

Shy = (Sg)2 + .5G,)2 + (SG,)z + (bA)2
The remaining terms are calculated assuming they contribute to sea-level rise at a constant rate, independent of AOGCM and
scenario, thus:

1(t)

t d7
f 19W dt, dt'

P(t) =

dp

ds
dt'
f
s(t) _ i9vo dt'

f Ji9so dY dt'

The rates each have a range of uncertainty For d//dt, this is 0.0 to 0.5 mtdyr (Section 11.3.1, Table 11.9), for dpldt 0 to 0.23 mm/yr
(the upper bound is more precisely 25 mm divided by 110 years, section 11.2,5), for ds/dr 0 to 0.05 mm/yr (Section 11.2.6, Table
11.9). The central rates are 0.25, 0.11 and 0.025 mm/yr for the three terms. We denote t calculated at the minimum rate by r,,,
and at the maximum rate by 1,,,,,; similarly forp and s. The minimum projected sea-level rise Ah.,,(t) for a given AOGCM and
SRES scenario is given by
Ahmin(t)

= X(t) + g(t) + G(t) + A(t) - 2tS1rV(t) + j ,n(t)

+ Pmin

and the maximum is

(t) + Smin(t)

Ah^(t) = X(t) + g(r) + G(t) +A (1) + 26h°(t) + 1^(t) + P.(t) + s.(t)
In these formulae, Sh,, has been doubled to convert from an uncertainty to a range, following Box 11. 1,

Table I1.17: Parameters used in sea-level pmjections to simulate AOGCM results.
AOGCM

Tim
(°C)

giM
(m)

aB1aTt
(mm/ r°C)

dBc/dTr
(mndyrNC)

dBs/dTr
(mm/yr/°C)

ATr;/ATg

ATsIATg

CSIRO Mk2

0.593

0.022

0.733

0.157

- 0.373

2.042

1.120

CSM 1.3

0.567

0.021

0.608

0.146

-0.305

3.147

1.143

ECHAM4/OPYC3

0.780

0.027

0.637

0.029

-0.478

1.153

1.484

GFDL_R15_a

0.635

0.015

0.576

0.121

-0.177

1.879

0.799

HadCM2

0.603

0.027

0.613

0.096

-0.214

1.441

1.239

HadCM3

0.562

0.021

0.622

0.085

-0.354

1.443

1.288

DOEPCM

0.510

0.017

0.587

0.136

-0.484

2.165

1.618
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Detection of Climate Change and Attribution of Causes

Executive Summary
The IPCC WGI Second Assessment Report (IPCC, 1996)
(hereafter SAR) concluded, "the balance of evidence suggests
that there is a discernible human influence on global climate". it
noted that the detection and attribution of anthropogenic climate
change signals can only be accomplished through a gradual
accumulation of evidence. The SAR authors also noted
uncertainties in a number of factors, including the magnitude and
patterns of internal climate variability, external forcing and
climate system response, which prevented them from drawing a
stronger conclusion. The results of the research carried out since
1995 on these uncertainties and other aspects of detection and
attribution are summarised below.
A longer and more closely scrutinised observational record
Three of the five years (1995, 1996 and 1998) added to the instrumental record since the SAR are the warmest in the instrumental
record of global temperatures, consistent with the expectation that
increases in greenhouse gases will Iead to continued long-term
warming. The impact of observational sampling errors has been
estimated for the global and hemispheric mean surface temperature
record and found to be small relative to the warming observed over
the 20th century. Some sources of error and uncertainty in both the
Microwave Sounding Unit (MSU) and radiosonde observations
have been identified that largely resolve discrepancies between the
two data sets. However, current climate models cannot fully
account for the observed difference in the trend between the
surface and lower-tropospheric temperatures over the last twenty
years even when all known external influences are included. New
reconstructions of the surface temperature record of the last 1,000
years indicate that the temperature changes over the last 100 years
are unlikely to be entirely natural in origin, even taking into
account the large uncertainties in palaeo-reconstructions,
New model estimates of internal variability
Since the SAR, more models have been used to estimate the
magnitude of internal climate variability. Several of the models
used for detection show similar or larger variability than observed
on interannual to decadal time-scales, even in the absence of
external forcing. The warming over the past 100 years is very
unlikely to be due to internal variability alone as estimated by
current models. Estimates of variability on the longer time-scales
relevant to detection and attribution studies are uncertain.
Nonetheless, conclusions on the detection of an anthropogenic
signal are insensitive to the model used to estimate internal
variability and recent changes cannot be accounted for as pure
internal variability even if the amplitude of simulated internal
variations is increased by a factor of two or more. In most recent
studies, the residual variability that remains in the observations
after removal of the estimated anthropogenic signals is consistent
with model-simulated variability on the space and time-scales
used for detection and attribution. Note, however, that the power
of the consistency test is limited. Detection smdies to date have
shown that the observed large-scale changes in surface tempera
ture in recent decades are unlikely (bordering on very unlikely) to
be entirely the result of internal variability.
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New estimates of responses to natural forcing
Fully coupled ocean-atmosphere models have used reconstructions of solar and volcanic forcings over the last one to three
centuries to estimate the contribution of natural forcing to
climate variability and change. Including their effects produces
an increase in variance on all time-scales and brings the lowfrequency variability simulated by models closer to that
deduced from palaeo-reconstructions. Assessments based on
physical principles and model simulations indicate that natural
forcing alone is unlikely to explain the increased rate of global
warming since the middle of the 20th century or changes in
vertical temperature structure. The reasons are that the trend in
natural forcing has likely been negative over the last two
decades and natural forcing alone is unlikely to account for the
observed cooling of the stratosphere. However, there is
evidence for a detectable volcanic influence on climate. The
available evidence also suggests a solar influence in proxy
records of the last few hundred years and also in the instrumental record of the early 20th century. Statistical assessments
confirm that natural variability (the combination of intemal and
naturally forced) is unlikely to explain the warming in the latter
half of the 20th century.
Improved representation of anthropogenicJarring

Several studies since the SAR have included an explicit
representation of greenhouse gases (as opposed to an equivalent
increase in carbon dioxide (CO2)). Some have also included
tropospheric ozone changes, an interactive sulphur cycle, an
explicit radiative treatment of the scattering of sulphate
aerosols, and improved estimates of the changes in stratospheric ozone. While detection of the climate response to these
ocher anthropogenic factors is often ambiguous, detection of the
influence of greenhouse gas increases on the surface temperacare changes over the past 50 years is robust.
Sensitivity to estimates of climate change signals
Since the SAR, more simulations with increases in greenhouse
gases and some representation of aerosol effects have become
available. In some cases, ensembles of simulations have been
run to reduce noise in the estimates of the time-dependent
response. Some studies have evaluated seasonal variation of
the response. Uncertainties in the estimated climate change
signals have made it difficult to attribute the observed climate
change to one specific combination of anthropogenic and
natural influences. Nevertheless, all studies since the SAR
have found a significant anthropogenic contribution is required
to account for surface and tropospheric trends over at least the
last 30 years.

Qualitative consistencies between observed and modelled
climate changes
There is a wide range of evidence of qualitative consistencies between observed climate changes and model responses
to anthropogenic forcing, including global warming,
increasing land-ocean temperature contrast, diminishing
Arctic sea-ice extent, glacial retreat and increases in precipitation in Northern Hemisphere high latitudes. Some qualita-
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tive inconsistencies remain, including the fact that models
predict a faster rate of warming in the mid- to upper
troposphere which is not observed in either satellite or
radiosonde tropospheric temperature records,
A wider range of detection techniques
A major advance since the SAR is the increase in the range
of techniques used, and the evaluation of the degree to which
the results are independent of the assumptions made in
applying those techniques. There have been studies using
pattern correlations, optimal detection studies using one or
more fixed patterns and time-varying patterns, and a number
of other techniques. Evidence of a human influence on
climate is obtained using all these techniques.
Results are sensitive to the range of temporal and spatial
scales that are considered. Several decades of data are
necessary to separate the forced response from internal
variability. Idealised studies have demonstrated that surface
temperature changes are detectable only on scales greater
than 5,000 km. Studies also show that the level of agreement
found between simulations and observations in pattern
correlation studies is close to what one would expect in
theory.
Attribution studies have applied multi-signal techniques
to address whether or not the magnitude of the observed
response to a particular forcing agent is consistent with the
modelled response and separable from the influence of other
forcing agents. The inclusion of time-dependent signals has
helped to distinguish between natural and anthropogenic
forcing agents. As more response patterns are included, the
problem of degeneracy ( different combinations of patterns
yielding near identical fits to the observations) inevitably
arises. Nevertheless, even with the responses to all the major
forcing factors included in the analysis, a distinct
greenhouse gas signal remains detectable. Overall, the
magnitude of the model-simulated temperature response to
greenhouse gases is found to be consistent with the observed
greenhouse response on the scales considered. However,
there remain discrepancies between the modelled and
observed responses to other natural and anthropogenic
factors, and estimates of signal amplitudes are modeldependent. Most studies find that, over the last 50 years, the
estimated rate and magnitude of warming due to increasing
concentrations of greenhouse gases alone are comparable
with, or larger than, the observed warming. Furthermore,
most model estimates that take into account both greenhouse
gases and sulphate aerosols are consistent with observations
over this period.
The increase in the number of studies, the breadth of
techniques, increased rigour in the assessment of the role of
anthropogenic forcing in climate, the robustness of results to
the assumptions made using those techniques, and consistency of results lead to increased confidence in these results.
Moreover, to be consistent with the signal observed to date,
the rate of anthropogenic warming is likely to lie in the range
0.1 to 0.2°C/decade over the first half of the 21st century
under the IS92a (IPCC, 1992) emission scenario.
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Remaining uncertainties
A number of important uncertainties remain. These include:
Discrepancies between the vertical profile of temperature
change in the troposphere seen in observations and models.
These have been reduced as more realistic forcing histories
have been used in models, although not fully resolved. Also,
the difference between observed surface and lower-tropospheric trends over the last two decades cannot be fully
reproduced by model simulations.
Large uncertainties in estimates of internal climate variability
from models and observations, though as noted above, these are
unlikely (bordering on very unlikely) to be large enough to
nullify the claim that a detectable climate change has taken place.
• Considerable uncertainty in the reconstructions of solar and
volcanic forcing which are based on proxy or limited observational data for all but the last two decades. Detection of the
influence of greenhouse gases on climate appears to be robust
to possible amplification of the solar forcing by ozone/solar or
solar/cloud interactions, provided these do not alter the pattern
or time dependence of the response to solar forcing.
Amplification of the solar signal by these processes, which are
not yet included in models, remains speculative.
Large uncertainties in anthropogenic forcing are associated
with the effects of aerosols. The effects of some anthropogenic
factors, including organic carbon, black carbon, biomass
aerosols, and changes in land use, have not been included in
detection and attribution studies. Estimates of the size and
geographic pattern of the effects of these forcings vary eonsidembly, although individually their global effects are estimated
to be relatively small.
• Large differences in the response of different models to the same
forcing. These differences, which are often greater than the difference in response in the same model with and without aerosol
effects, highlight the large uncertainties in climate change prediction and the need to quantify uncertainty and reduce it through
better observational data sets and model improvement.
Synopsis
The SAR concluded: 'The balance of evidence suggests a
discernible human influence on global climate". That report also
noted that the anthropogenic signal was still emerging from the
background of natural climate variability. Since the SAR,
progress has been made in reducing uncettainty, particularly with
respect to distinguishing and quantifying the magnitude of
responses to different external influences. Although many of the
sources of uncertainty identified in the SAR still remain to some
degree, new evidence and improved understanding support an
updated conclusion.
• There is a longer and more closely scrutinised temperature
record and new model estimates of variability. The warming
over the past 100 years is very unlikely to be due to internal
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variability alone, as estimated by current models.
Reconstructions of climate data for the past 1,000 years also
indicate that this warming was unusual and is unlikely to be
entirely natural in origin.
• There are new estimates of the climate response to natural and
anthropogenic forcing, and new detection techniques have been
applied. Detection and attribution studies consistently find
evidence for an anthropogenic signal in the climate record of the
last 35 to 50 years.
• Simulations of the response to natural forcings alone (i.e., the
response to variability in solar irradiance and volcanic
eruptions) do not explain the warming in the second half of the
20th century. However, they indicate that natural forcings may
have contributed to the observed warming in the first half of the
20th centuryThe warming over the last 50 years due to anthmpogenic
greenhouse gases can be identified despite uncertainties in
forcing due to anthropogenic sulphate aerosol and natural
factors (volcanoes and solar irradiance). The anthropogenic
sulphate aerosol forcing, while uncertain, is negative over this
period and therefore cannot explain the wanning. Changes in
natural forcing during most of this period are also estimated to
be negative and are unlikely to explain the warming.

uncertainty in the magnitude of modelled response to external
forcing, in particular that due to uncertainty in climate
sensitivity.
• Most of these studies find that, over the last 50 years, the
estimated rate and magnitude of warming due to increasing
concentrations of greenhouse gases alone are comparable with,
or larger than, the observed warming. Furthermore, most model
estimates that take into account both greenhouse gases and
sulphate aerosols are consistent with observations over this
period.
• The best agreement between model simulations and observations over the last 140 years has been found when all the above
anthropogenic and natural forcing factors are combined. These
results show that the foreings included are sufficient to explain
the observed changes, but do not exclude the possibility that
other forcings may also have contributed.
In the light of new evidence and taking into account the remaining
uncertainties, most of the observed warming over the last 50 years
is likely to have been due to the increase in greenhouse gas
concentrations.
Furthermore, it is very likely that the 20th century warming
has contributed significantly to the observed sea level rise, through
thermal expansion of sea water and widespread loss of land ice.
Within present uncertainties, observations and models are both

Detection and attribution studies comparing model simulated
changes with the observed record can now take into account

consistent with a lack of significant acceleration of sea level rise
during the 20th century.
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12.1 introduction
12.1.1 The Meaning of Defection and Attribution
The response to anthmpogenic changes in climate forcing occurs
against a backdrop of natural internal and externally forced
climate variability that can occur on similar temporal and spatial
scales. Internal climate variability, by which we mean climate
variability not forced by external agents, occurs on all time-scales
from weeks to centuries and millennia. Slow climate
components, such as the ocean, have particularly important roles
on decadal and century time-scales because they integrate highfrequency weather variability (Hasselmann, 1976) and interact
with faster components. Thus the climate is capable of producing
long time-scale internal variations of considerable magnitude
without any external influences. Externally forced climate
variations may be due to changes in natural forcing factors, such
as solar radiation or volcanic aerosols, or to changes in anthropogenic forcing factors, such as increasing concentrations of
greenhouse gases or sulphate aerosols.
Definitions
The presence of this natural climate variability means that the
detection and attribution of anthropogenic climate change is a
statistical "signal-in-noise" problem. Detection is the process of
demonstrating that an observed change is significantly different
(in a statistical sense) than can be explained by natural internal
variability. However, the detection of a change in climate does
not necessarily imply that its causes are understood. As noted in
the SAR, the unequivocal attribution of climate change to anthropogenic causes (i.e., the isolation of cause and effect) would
require controlled experimentation with the climate system in
which the hypothesised agents of change are systematically
varied in order to determine the climate's sensitivity to these
agents. Such an approach to attribution is clearly not possible.
Thus, from a practical perspective, attribution of observed
climate change to a given combination of human activity and
natural influences requires another approach. This involves statistical analysis and the careful assessment of multiple lines of
evidence to demonstrate, within a pre-specified margin of error,
that the observed changes are:
• unlikely to be due entirely to internal variability;
• consistent with the estimated responses to the given combination of anthmpogenic and natural forcing; and
• not consistent with alternative, physically plausible explanations of recent climate change that exclude important elements
of the given combination of forcings.
limitations
It is impossible, even in principle, to distinguish formally
between all conceivable explanations with a finite amount of
data. Nevertheless, studies have now been performed that include
all the main natural and anthropogenic forcing agents that are
generally accepted (on physical grounds) to have had a substan-
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tial impact on near-surface temperature changes over the 20th
century. Any statement that a model simulation is consistent with
observed changes can only apply to a subset of model-simulated
variables, such as large-scale near-surface temperature trends: no
numerical model will ever be perfect in every respect. To attribute
all or part of recent climate change to human activity, therefore,
we need to demonstrate that alternative explanations, such as
pure internal variability or purely naturally forced climate
change, are unlikely to account for a set of observed changes that
can be accounted for by human influence. Detection (ruling out
that observed changes are only an instance of internal variability)
is thus one component of the more complex and demanding
process of attribution. In addition to this general usage of the term
detection (that some climate change has taken place), we shall
also discuss the detection of the influence of individual forcings
(see Section 12.4).
Detection and estimation
The basic elements of this approach to detection and attribution
were recognised in the SAR. However, detection and attribution
studies have advanced beyond addressing the simple question
"have we detected a human influence on climate?" to such
questions as ".how large is the anthropogenic change?" and "is the
magnitude of the response to greenhouse gas forcing as estimated
in the observed record consistent with the response simulated by
climate models?" The task of detection and attribution can thus be
rephrased as an estimation problem, with the quantities to be
estimated being the factor(s) by which we have to scale the modelsimulated response(s) to external forcing to be consistent with the
observed change. The estimation approach uses essentially the
same tools as earlier studies that considered the problem as one of
hypothesis testing, but is potentially more informative in that it
allows us to quantify, with associated estimates of uncertainty,
how much different factors have contributed to recent observed
climate changes. This interpretation only makes sense, however, if
it can be assumed that important sources of model error, such as
missing or incorrectly represented atmospheric feedbacks, affect
primarily the amplitude and not the structure of the response to
external forcing. The majority of relevant studies suggest that this
is the case for the relatively small-amplitude changes observed to
date, but the possibility of model errors changing both the
amplitude and stmcture of the response remains an important
caveat. Sampling error in model-derived signals that originates
from the model's own internal variability also becomes an issue if
detection and attribution is considered as an estimation problem some investigations have begun to allow for this, and one study
has estimated the contribution to uncertainty from observational
sampling and instrumental error. The robustness of detection and
attribution findings obtained with different climate models has
been assessed.
Extensions
It is important to stress that the attribution process is inherently
open-ended, since we have no way of predicting what alternative
explanations for observed climate change may be proposed, and
be accepted as plausible, in the future. This problem is not unique
to the climate change issue, but applies to any problem of
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establishing cause and effect given a limited sample of observations. The possibility of a confounding explanation can never be
ruled out completely, but as successive alternatives are tested and
found to be inadequate, it can be seen to become progressively
more unlikely. There is growing interest in the use of Bayesian
methods (Dempster, 1998; Hasselmann, 1998; Leroy, 1998; Tol
and de Vos, 1998; Barnett etaL, 1999; Levine and Berliner, 1999;
Berliner et at., 2000). These provide a means of formalising the
process of incorporating additional information and evaluating a
range of alternative explanations in detection and attribution
studies. Existing studies can be rephrased in a Bayesian
formalism without any change in their conclusions, as
demonstrated by Leroy (1998). However, a number of statisticians (e.g., Berliner et at, 2000) argue that a more explicitly
Bayesian approach would allow greater flexibility and rigour in
the treatment of different sources of uncertainty.
12.1.2 Summary of the First and Second Assessment Reports
The first IPCC Scientific Assessment in 1990 (IPCC, 1990)
concluded that the global mean surface temperature had
increased by 0.3 to 0.6°C over the previous 100 yeats and that the
magnitude of this warming was broadly consistent with the
predictions of climate models forced by increasing concentrations of greenhouse gases. However, it remained to be established
that the observed warming (or part of it) could be attributed to the
enhanced greenhouse effect. Some of the reasons for this were
that there was only limited agreement between model predictions
and observations, because climate models were still in the early
stages of development; there was inadequate knowledge of
natural variability and other possible anthropogenic effects on
climate and there was a scarcity of suitable observational data,
particularly long, reliable time-series.
By the time of the SAR in 1995, considerable progress had
been made in attempts to identify an anthropogenic effect on
climate. The first area of significant advance was that climate
models were beginning to incorporate the possible climatic
effects of human-induced changes in sulphate aerosols and
stratospheric ozone. The second area of progress was in better
defining the background variability of the climate system through
multi-century model experiments that assumed no changes in
forcing. These provided important information about the possible
characteristics of the internal component of natural climate
variability. The third area of progress was in the application of
pattern-based methods that attempted to attribute some part of
the observed changes in climate to human activities, although
these studies were still in their infancy at that time.
The SAR judged that the observed trend in global climate
over the previous 100 years was unlikely to be entirely natural in
origin. This led to the following, now well-known, conclusion:
"Our ability to quantify the human influence on global climate is
currently limited because the expected signal is still emerging
from the noise of natural variability, and because there are
uncertainties in key tactors. Nevertheless, the balance of
evidence suggests that there is a discernible human influence on
global climate". It also noted that the magnitude of the influence
was uncertain.

12.1.3 Developments since the Second Assessment Report
In the following sections, we assess research developments since
the SAR in areas crucial to the detection of climate change and the
attribution of its causes. First, in Section 12.2, we review advances
in the different elements that are needed in any detection and
attribution study, including observational data, estimates Of internal
climate variability, natural and anthropogenic climate forcings and
their simulated responses, and statistical methods for comparing
observed and modelled climate change. We draw heavily on the
assessments in earlier chapters of this report, particularly Chapter
2 - Observed Climate Variability and Change, Chapter 6 Radiative Forcing of Climate Change, Chapter 8 - Model
Evaluation, and Chapter 9-Projections of Future Climate Change.
In Section 12.3, a qualitative assessment is made of observed
and modelled climate change, identifying general areas of
agreement and difference. This is based on the observed climate
changes identified with most confidence in Chapter 2 and the
model projections of climate change from Chapter 9.
Next, in Section 12.4, advances obtained with quantitative
methods for climate change detection and attribution are assessed.
These include results obtained with time-series methods, pattern
correlation methods, and optimal fingerprint methods. The
interpretation of optimal fingerprinting as an estimation problem,
finding the scaling factors required to bring the amplitude of
model-simulated changes into agreement with observed changes, is
discussed. Some remaining uncertainties are discussed in Section
12.5 and the key findings are drawn together in Section 12.6.
12.2 The Elements of Detection and Attribution

12.2.1 Observed Data
Ideally, a detection and attribution study requires long records of
observed data for climate elements that have the potential to show
large climate change signals relative to natural variability. It is
also necessary that the observing system has sufficient coverage
so that the main features of natural variability and climate change
can be identified and monitored. A thorough assessment of
observed climate change, climate variability and data quality was
presented in Chapter 2. Most detection and attribution studies
have used near-surface air temperature, sea surface temperature
or upper air temperature data, as these best fit the requirement
above.

The quality of observed data is a vital factor. Homogeneous
data series are required with careful adjustments to account for
changes in observing system technologies and observing
practices. Estimates of observed data uncertainties due to instrument errors or variations in data coverage (assessed in Chapter 2)
are included in some recent detection and attribution studies.
There have been five more years of observations since the
SAR. Improvements in historical data coverage and processing
are described in Chapter 2. Confidence limits for observational
sampling error have been estimated for the global and
hemispheric mean temperature record. Applications of improved
pre-instrumental proxy data reconstructions are described in the
next two sections.
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comparable to that observed. Chapter 8, Section 8.6.2. assesses
model-simulated variability in detail. Here we assess the aspects
that are particularly relevant to climate change detection. The
Detection and attribution of climate change is a statistical
"signal-in-noise" problem, it requires an accurate knowledge of power spectrum of global mean temperatures simulated by the
most recent coupled climate models (shown in Figure 12.2)
the properties of the "noise". Ideally, internal climate variability
would be estimated from instrumental observations, but a number compares reasonably well with that of detrended observations
of problems make this difficult. The instrumental record is short (solid black line) on interannual to decadal time-scales. However,
relative to the 30 to 50 year time-scales that are of interest for uncertainty of the spectral estimates is large and some models are
clearly underestimating variability (indicated by the asterisks).
detection and attribution of climate change, particularly for
Detailed comparison on inter-decadal time-scales is difficult
variables in the free atmosphere. The longest records that are
because
observations are likely to contain a response to external
available are those for surface air temperature and sea surface
forcings that will not be entirely removed by a simple linear
temperature. Relatively long records are also available for preciptrend. At the same time, the detrending procedure itself
itation and surface pressure, but coverage is incomplete and
introduces a negative bias in the observed low-frequency
varies in time (see Chapter 2). The instrumental record also
spectrum.
contains the influences of external anthropogenic and natural
Both of these problems can be avoided by removing an
A
record
of
natural
internal
variability
can
be
forcing.
independent estimate of the externally forced response from the
reconstructed by removing estimates of the response to external
observations before computing the power spectrum. This
forcing (for example, Jones and Hegerl, 1998; Wigley et at,
independent estimate is provided by the ensemble mean of a
1998a). However, the accuracy of this record is limited by
coupled model simulation of the response to the combination of
incomplete knowledge of the forcings and by the accuracy of the
natural and anthropogenic forcing (see Figure 12.7c). The
climate model used to estimate the response.
resulting spectrum of observed variability (dotted line in Figure
12:2) will not be subject to a negative bias because the observed
Estimates using palaeoclimatic data
data have not been used in estimating the forced response. It
Palaeo-reconstructions provide an additional source of informawill, however, be inflated by uncertainty in the model-simulated
tion on climate variability that strengthens our qualitative assessforced response and by noise due to observation error and due to
ment of recent climate change. There has been considerable
incomplete coverage (particularly the bias towards relatively
progress in the reconstruction of past temperatures. New
noisy Northern, Hemisphere land temperatures in the early pan
reconstructions with annual or seasonal resolution, back to 1000
AD, and some spatial resolution have become available (Briffa et of the observed series). This estimate of the observed spectmm
is therefore likely to overestimate power at all frequencies. Even
at, 1998; Jones et at, 1998; Mann et at., 1998, 2000; Briffa el
so, the more variable models display similar variance on the
at, 2000; Crowley and Lowery, 2000; we also Chapter 2, Figure
decadal to inter-decadal time-scales important for detection and
However,
a
number
of
difficulties,
including
limited
2.21).
attribution.
coverage, temporal inhomogeneity, possible biases due to the
palaeo-reconstruction process, uncertainty regarding the strength
Estimates of spatial parrems of variability
of the relationships between climatic and proxy indices, and the
Several studies have used common empirical orthogonal
likely but unknown influence of external forcings inhibit the
function (EOF) analysis to compare the spatial modes of
estimation of internal climate variability directly from palaeoclimate variability between different models. Stouffer er al.
We
expect,
however,
that
the
reconstructions
will
climate data.
(2000) analysed the variability of 5-year means of surface
continue to improve and that palaeo-data will become increastemperature in 500-year or longer simulations of the three
ingly important for assessing natural variability of the climate
models most commonly used to estimate internal variability in
system. One of the most important applications of this palaeoformal detection studies. The distribution of the variance
climate data is as a check on the estimates of internal variability
between the EOFs was similar between the models and the
from coupled climate models, to ensure that the latter are not
observations. HadCM2 tended to overestimate the variability in
underestimating the level of internal variability on 50 to 100 year
the main modes, whereas GFDL and ECHAM3 underestimated
time-scales (see below). The limitations of the instrumental and
the variability of the first mode. The standard deviations of the
palaeo-records leave few alternatives to using long "control"
dominant modes of variability in the three models differ from
simulations with coupled models (see Figure 12.1) to estimate the
observations by less than a factor of two, and one model
detailed structure of internal climate variability.
(HadCM2) has similar or more variability than the observations
in all leading modes. In general, one would expect to obtain
Estimates of the variability of global mean surface temperature
conservative detection and attribution results when natural
Stouffer et at (2000) assess variability simulated in three 1,000variability is estimated with such a model. One should also
year control simulations (see Figure 12.1). The models are found
expect control simulations to be less variable than observations
to simulate reasonably well the spatial distribution of variability
because they do not contain externally forced variability. Heger]
and the spatial correlation between regional and global mean
variability, although there is more disagreement between models et al. (2000) used common EOFS to compare 50-year luneJuly-August (JJA) trends of surface temperature in ECHAM3
at long time-scales (>50 years) than at short time-scales. None of
and HadCM2. Standard deviation differences between models
the long model simulations produces a secular trend which is
12.2.2 Internal Climate Variability
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Figure 12.1: Global mean surface air temperature anomalies from 1,000-year control simulations with three different climate models,
HadCM2, GFDL R15 and ECHAM3/LSG (labelled HAM3L), compared to the recent instrumental record (Stouffer et al., 2000). No model
control simulation shows a trend in surface air temperature as large as the observed trend. If internal variability is correct in these models, the
recent warming is likely not due to variability produced within the climate system alone.

were marginally larger on the 50-year time-scale (less than a
factor of 2.5). Comparison with direct observations cannot be

Comparison of model and palaeoclinuxtic estimates of variability
Comparisons between the variability in palaeo-reconstruc-

short.

tions and climate model data have shown mixed results to
date. Barnett et al. (1996) compared the spatial structure of

Variability of the free atmosphere
Gillett et aL (2000a) compared model-simulated variability in the
free atmosphere with that of detrended radiosonde data. They
found general agreement except in the stratosphere, where
present climate models tend to underestimate variability on all
time-scales and, in particular, do not reproduce modes of
variability such as the quasi-biennial oscillation (QBO). On
decadal time-scales, the model simulated less variability than
observed in some aspects of the vertical patterns important for the
detection of anthropogenic climate change. The discrepancy is
partially resolved by the inclusion of anthropogenic (greenhouse
gas, sulphate and stratospheric ozone) forcing in the model.
However, the authors also find evidence that solar forcing plays a
significant role on decadal time-scales, indicating that this should
be taken into account in future detection studies based on changes
in the free atmosphere (see also discussion in Chapter 6 and
Section 12.2.3.1 below).

climate variability of coupled climate models and proxy timeseries for (mostly summer) decadal temperature (Jones et al.,
1998). They found that the model-simulated amplitude of the
dominant proxy mode of variation is substantially less than
that estimated from the proxy data. However, choosing the
EOFs of the palaeo-data as the basis for comparison will
maximise the variance in the palaeo-data and not the models,
and so bias the model amplitudes downwards. The neglect of
naturally forced climate variability in the models might also
be responsible for part of the discrepancy noted in Barnett et
al. (1996) (see also Jones et al., 1998). The limitations of the
temperature reconstructions (see Chapter 2, Figure 2.21),
including for example the issue of how to relate site-specific
palaeo-data to large-scale variations, may also contribute to
this discrepancy. Collins et al. (2000) compared the standard
deviation of large-scale Northern Hemisphere averages in a
model control simulation and in tree-ring-based proxy data
for the last 600 years on decadal time-scales. They found a

made on this time-scale because the instrumental record is too
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Figure 122: Coloured lines: power spectra of global mean temperatures in the unforced control integrations that are used to provide estimates of
internal climate variability in Figure 12.12. All series were linearly detrended prior to analysis, and spectra computed using a standard 1Ukey
window with the window width ( maximum lag used in the estimate) set to one-fifth of the series length, giving each spectral estimate the same
uncertainty range, as shown (see, e.g., Priestley, 1981). The first 300 years were omitted from ECHAM3-LSG, CGCM I and CGCM2
models as
potentially trendconlaminaled. Solid black line: spectrum of observed global mean temperatures (Jones et at, 2001) over the period 1861 to 1998
after removing a best-fit linear trend. This estimate is unreliable on inter-decadal time-scales because of the likely impact of external forcing on
the observed series and the negative bias introduced by the detrending. Dotted black line: spectrum of observed global mean temperatures after
removing an independent estimate of the externally forced response provided by the ensemble mean of a coupled model simulation (Stott el at,
2000b, and Figure 12.7c). This estimate will be contaminated by uncertainty in the model-simulated forced response, together with observation
noise and sampling error. However, unlike the detrending procedure, all of these introduce a positive (upward) bias in the resulting estimate of the
observed spectrum. The dotted line therefore provides a conservative ( high) estimate of observed internal variability at all frequencies. Asterisks
indicate models whose variability is significantly less than observed variability on 10 to 60 year time-scales after removing either a best-fit linear
trend or an independent estimate of the forced response from the observed series. Significance is based on an F-test on the ratio observed/model
mean power over this frequency interval and quoted at the 5% level. Power spectral density (PSD) is defined such that unit-variance uncorrelated
noise would have an expected PSD of unity (see Allen er at, 2000a, for details). Note that different normalisation conventions can lead to different
vatues, which appear as a constant offset up or down on the logarithmic vertical scale used here. Differences between the spectra shown here and
the corresponding figure in Stouffer et at (2000) shown in Chapter 8, Figure 8.18 are due to the use here of a longer ( 1861 to 2000) observational
record, as opposed to 1881 to 1991 in Figure 8.18. That figure also shows 2.5 to 97.5% uncertainty ranges, while for consistency with other
figures in this chapter, the 5 to 95% range is displayed here.

factor of less than two difference between model and data if
the tree-ring data are calibrated such that low-frequency
variability is better retained than in standard methods (Briffa
et at, 2000). It is likely that at least part of this discrepancy
can be resolved if natural forcings are included in the model
simulation. Crowley (2000) found that 41 to 69% of the
variance in decadally smoothed Northern Hemisphere mean
surface temperature reconstructions could be externally
forced (using data from Mann et at (1998) and Crowley and

Lowery (2000)). The residual variability in the reconstructions, after subtracting estimates of volcanic and solar-forced
signals, showed no significant difference in variability on
decadal and multi-decadal time-scales from three long
coupled model control simulations. In summary, while there
is substantial uncertainty in comparisons between long-term
palaeo-records of surface temperature and model estimates of
multi-decadal variability, there is no clear evidence of a
serious discrepancy.
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Summary
These findings emphasise that there is still considerable
uncertainty in the magnitude of internal climate variability.
Various approaches are used in detection and attribution studies
to account for this uncertainty. Some studies use data from a
number of coupled climate model control simulations (Santer et
at, 1995; Hegerl et at, 1996,1997, North and Stevens, 1998) and
choose the most conservative result. In other studies, the estimate
of internal variance is inflated to assess the sensitivity of
detection and attribution results to the level of internal variance
(Santer et at, 1996a, Tett et at, 1999; Stott et at, 2001). Some
authors also augment model-derived estimates of natural
variability with estimates from observations (Hegerl et at, 1996).
A method for checking the consistency between the residual
variability in the observations after removal of externally forced
signals (see equation A12.1.1, Appendix 12.1) and the natural
internal variability estimated from control simulations is also

(a)

available (e.g., Allen and Tett, 1999). Results indicate that, on the
scales considered, there is no evidence for a serious inconsistency
between the variability in models used for optimal fingerprint
studies and observations (Allen and Tett, 1999; Tett et at, 1999;
Hegerl et at, 2000, 2001; Stott et at, 2001). The use of this test
and the use of internal variability from the models with the
greatest variability increases confidence in conclusions derived
from optimal detection studies.
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12.2.3 Climate Forcings and Responses
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The global mean change in radiative forcing (see Chapter 6) since
the pre-industrial period may give an indication of the relative
importance of the different external factors influencing climate
over the last century- The temporal and spatial variation of the
forcing from different sources may help to identify the effects of
individual factors that have contributed to recent climate change.
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The need for climate models
To detect the response to anthmpogenic or natural climate forcing
in observations, we require estimates of the expected space-time
pattern of the response. The influences of natural and anthmpogenic forcing on the observed climate can be separated only if
the spatial and temporal variation of each component is known.
These patterns cannot be determined from the observed instrumental record because variations due to different external
forcings are superimposed on each other and on internal climate
variations. Hence climate models are usually used to estimate the
contribution from each factor. The models range from simpler
energy balance models to the most complex coupled atmosphereocean general circulation models that simulate the spatial and
temporal variations of many climatic parameters (Chapter 8).
The models used
Energy balance models (EBMs) simulate the effect of radiative
climate forcing on surface temperature. Climate sensitivity is
included as an adjustable parameter. These models are computationally inexpensive and produce noise-free estimates of the
climate signal. However, EBMs cannot represent dynamical
components of the climate signal, generally cannot simulate

FEB

MAR

APR

MAY

JUN

JUL

AUG

Figure 123: Latitude-month plot of radiative forcing and model
equilibrium response for surface temperature. (a) Radiative forcing
(Wm-') due to increased sulphate aerosol loading at the time of CO2
doubling. (b) Change in temperature due to the increase in aerosol
loading. (c) Change in temperature due to CO2 doubling. Note that the
pattems of radiative forcing and temperature response are quite
different in (a) and (b), but that the patterns of large-scale temperature
responses to different forcings are similar in (b) and (c). The experiments used to compute these fields are described by Reader and Boer
(1998).

variables other than surface temperature, and may omit some of
the important feedback processes that are accounted for in more
complex models. Most detection and attribution approaches
therefore apply signals estimated from coupled Atmosphere
Ocean General Circulation Models (AOGCMs) or atmospheric
General Circulation Models (GCMs) coupled to mixed-layer
ocean models. Forced simulations with such models contain both
the climate response to external forcing and superimposed
internal climate variability. Estimates of the climate response
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computed from model output will necessarily contain at least
some noise from this source, although this can be reduced by the
use of ensemble simulations. Note that different models can
produce quite different patterns of response to a given forcing due
to differences in the representation of feedbacks arising from
changes in cloud (in particular), sea ice and land surface
processes.
The relationship between patterns offorcing and response
There are several reasons why one should not expect a simple
relationship between the patterns of radiative forcing and temperstore response. First, strong feedbacks such as those due to water
vapour and sea ice tend to reduce the difference in the temperature response due to different forcings. This is illustrated graphically by the response to the simplified aerosol forcing used in
early studies. The magnitude of the model response is largest
over the Arctic in winter even though the forcing is small, largely
due to ice-albedo feedback. The large-scale patterns of change
and their temporal variations are similar, but of opposite sign, to
that obtained in greenhouse gas experiments (Figure 12.3, see
also Mitchell et at., 1995a). Second, atmospheric circulation
tends to smooth out temperature gradients and reduce the differcnces in response patterns. Similarly, the thermal inertia of the
climate system tends to reduce the amplitude of short-term
fluctuations in forcing. Third, changes in radiative forcing are
more effective if they act near the surface, where cooling to space
is restricted, than at upper levels, and in high latitudes, where
there are stronger positive feedbacks than at low latitudes
(Hansen et at, 1997a).
In practice, the response of a given model to different forcing
patterns can be quite similar (Hegerl et at, 1997; North and
Stevens, 1998; Ten et al., 1999). Similar signal patterns (a
condition often referred to as "degeneracy"). can be difficult to
distinguish from one another. Tett et at. (1999) find substantial
degeneracy between greenhouse gas, sulphate, volcanic and solar
patterns they used in their detection study using HadCM2. On the
other hand, the greenhouse gas and aerosol patterns generated by
ECHAM3 LSG (Hegerl et at, 2000) are more clearly separable,
in part because the patterns are more distinct, and in part because
the aerosol response pattern correlates less well with ECHAM3
LSG's patterns of internal variability. The vertical patterns of
temperature change due to greenhouse gas and stratospheric
ozone forcing are less degenerate than the horizontal patterns.
Summary
Different models may give quite different patterns of response for
the same forcing, but an individual model may give a surprisingly
similar response for different forcings. The first point means that
attribution studies may give different results when using signals
generated from different models. The second point means that it
may be more difficult to distinguish between the response to
different factors than one might expect, given the differences in
radiative forcing12-2-3-1 Natural climate forcing
Since the SAR, there has been much progress in attempting to
understand the climate response to fluctuations in solar
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luminosity and to volcanism. These appear to be the most
important among a broad range of natural external climate
forcings at decadal and centennial time-scales. The mechanisms
of these forcings,the'v reconstruction and associated uncertainties are described in Chapter 6, and further details of the
simulated responses are given in Chapter 8, Section 8.6.3.
Volcanic faring
The radiative forcing due to volcanic aerosols from the recent El
Chichon and Mt. Pinatubo eruptions has been estimated from
satellite and other data to be -3 Wrn z(peak forcing; after
Hansen et at, 1998). The forcing associated with historic
eruptions before the satellite era is more uncertain. Sato et at.
(1993) estimated aerosol optical depth from ground-based
observations over the last century (see also Stothers, 1996;
Grieser and Schoenwiese, 1999)- Prior to that, reconstructions
have been based on various sources of data (ice cores, historic
documents etc.; we Lamb, 1970; Simkin et al., 1981; Robock
and Free, 1995; Crowley and Kim, 1999; Free and Robock,
1999). There is uncertainty of about a factor of two in the peak
forcing in reconstructions of historic volcanic forcing in the presatellite era (see Chapter 6).
Solar forcing
The variation of solar irradiance with the 11-year sunspot cycle
has been assessed with some accuracy over more than 20 years,
although measurements of the magnitude of modulations of solar
irradiance between solar cycles are less certain (see Chapter 6).
The estimation of earlier solar irradiance fluctuations, although
based on physical mechanisms, is indirect. Hence our confidence
in the range of solar radiation on century time-scales is low, and
confidence in the details of the time-history is even lower
(Harrison and Shine, 1999; Chapter 6). Several recent reconstructions estimate that variations in solar irradiance give rise to a
forcing at the Earth's surface of about 0.6 to 0.7 Wm -2 since the
Maunder Minimum and about half this over the 20th century (see
Chapter 6, Figure 6.5; Hoyt and Schatten, 1993; Lean et at,
1995; Lean, 1997; Froehlich and Lean, 1998; Lockwood and
Stamper, 1999). This is larger than the 0.2 Wm _2 modulation of
the 11-year solar cycle measured from satellites. (Note that we
discuss here the forcing at the Earth's surface, which is smaller
than that at the top of the atmosphere, due to the Earth's geometry
and albedo.) The reconstructions of Lean et at (1995) and Hoyt
and Schatten (1993), which have been used in GCM detection
studies, vary in amplitude and phase. Chapter 6, Figure 6.8 shows
time-series of reconstructed solar and volcanic forcing since the
late 18th century- All reconstructions indicate that the direct
effect of variations in solar forcing over the 20th century was
about 20 to 25% of the change in forcing due to increases in the
well-mixed greenhouse gases (see Chapter 6).
Reconstructions of climate forcing in the 20th century
indicate that the net natural climate forcing probably increased
during the first half of the 20th century, due to a period of low
volcanism coinciding with a small increase in solar forcing.
Recent decades show negative natural forcing due to increasing
volcanism, which overwhelms the direct effect, if real, of a small
increase in solar radiation (sce Chapter 6, Table 6.13).
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Figure 12A: (a) Observed microwave sounding unit
(MSU) global mean temperature in the lower strainsphere, shown as dashed line, for channel 4 for the

Global lower stratospheric temperature anomalies

period 1979 to 97 compared with the average of
several atmosphere ocean GCM simulations starting
with different atmospheric conditions in 1979 (solid
line). The simulations have been forced with
increasing greenhouse gases, direct and indirect
forcing by sulphate aerosols and tropospheric ozone
forcing, and Mt. Pinambo volcanic aerosol and
stratospheric ozone variations. The model simulation does not include volcanic forcing due to El
Chichon in 1982, so it does not show stratospheric
warming then. (b) As for (a), except for 2LT
temperature retrievals in the lower troposphere.
Note the steady response in the stratosphere, apart
from the volcanic warm periods, and the large
variability in the lower troposphere (from Bengtsson

Global lower tropospheric temperature anomalies

et at., 1999).
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Figure 125: (a) Response (covariance, normalised
by the variance of radiance fluctuations) of zonally
averaged annual mean atmospheric temperature to
solar forcing for two simulations with
ECHAM3flSG. Coloured regions indicate locally
significant response to solar forcing. (b) Zonal
mean of the first EOF of greenhouse gas-induced
temperature change simulated with the same
model (from Cubasch et al., 1997). This indicates
that for ECHAM3/LSG, the zonal mean tcmpcramre response to greenhouse gas and solar
forcing are quite different in the stratosphere but
similar in the troposphere.
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Figure 12.6: ( a) Five-year running mean Northern Hemisphere temperature anomalies since 1850 (relative to the 1880 to 1920 mean) from an
energy-balance model forced by Dust Veil volcanic index and Lean et at (1995) solar index (see Free and Robock, 1999). Two values of climate
sensitivity to doubling CO, were used; 3.0°C (thin solid line), and 1.5°C ( dashed line). Also shown are the instrumental record (thick red line) and a
reconstruction of temperatures from proxy records (crosses, from Mann et at, 1998). The size of both the forcings and the
Proxy temperature
variations are subject to large uncertainties. Note that the Mann temperatures do not include data after 1980 and do not show the large observed
warming then. (b) As for ( a) but for simulations with volcanic, solar and anthropogenic forting ( greenhouse gases and direct and indirect effects of
tropospheric aemsols). 'Ihe net anthropogenic forcing at 1990 relative to 1760 was 1.3 Wrn 2, including a net cooling of 1.3 Wm z due to acrosol
effects.

72.2.3.2 Climatic response to natural forcing
Response to volcanic forcing
The climate response to several recent volcanic eruptions has
been studied in observations and simulations with atmospheric
GCMs (e.g., Robock and Mao, 1992, 1995; Graf et at, 1996;
Hansen et at, 1996; Kelly et at, 1996; Mao and Robock, 1998;
Kirchner et at, 1999). The stratosphere warms and the annual
mean surface and tropospheric temperature decreases during the
two to three years following a major volcanic eruption. A simulation incorporating the effects of the Mt. Pinatubo eruption and
observed changes in stratospheric ozone in addition to anthropogenic forcing approximately reproduces the observed strntospheric variations (Figure 12.4; Bengtsson et at, 1999). It shows
stratospheric warming after the volcanic eruption, superimposed
on a long-term cooling trend. Although the surface temperature
response in the Northern Hemisphere warm season following a
volcanic eruption is dominated by global scale radiative cooling,
some models simulate local warming over Eurasia and North
America in the cold season due to changes in circulation (e.g.,
Graf et at, 1996; Kirchner et at, 1999). Variability from other
sources makes assessment of the observed climate response
difficult, particularly as the two most recent volcanic emptions
(Mt. Pinatubo and EI Chichon) occurred in El Nino-Southem
Oscillation (ENSO) warm years. Simulations with simple models
(Bertrand et at, 1999; Crowley and Kim, 1999; Grieser and
Schoenwiese, 2001) and AOGCMs (Tett et at, 1999; Stott et at,
2001) produce a small decadal mean cooling in the 1980s and
1990s due to several volcanic eruptions in those decades. Some
simulations also produce global warming in the early 20th
century as a recovery from a series of strong eruptions around the
turn of the 20th century. It is unclear whether such a long-term
response is realistic.

Response to solar forcing
Since the SAR, there have been new modelling and observational
studies on the climate effects of variations in solar irradiance. The
surface temperature response to the 11-year cycle is found to be
small (e.g., Cubasch et at, 1997; White et at, 1997; North and
Stevens, 1998; Crowley and Kim, 1999; Free and Robock, 1999).
Low-frequency solar variability over the last few hundred years
gives a stronger surface temperature response (Cubasch et at,
1997; Drijthout et at, 1999; Rind et at, 1999; Tett et at, 1999;
Stott et at., 2001). Model results show cooling circa 1800 due to
the hypothesised solar forcing minimum and some warming in the
20th century, particularly in the early 20th century. Timedependent experiments produce a global mean warming of 0.2 to
0.5°C in response to the estimated 0.7 Wm'- change of solar
radiative forcing from the Maunder Minimum to the present (e.g.,
Lean and Rind, 1998, Crowley and Kim, 1999).
Ozone changes in the Earth's atmosphere caused by the 11year solar cycle could affect the temperature response in the free
atmosphere. A relation between 30 hPa geopotential and a solar
index has been shown over nearly four solar cycles by Labitzke
and van Loon (1997). Van Loon and Shea (1999, 2000) found a
related connection between upper to middle tropospheric
temperature and a solar index over the last 40 years, which is
particularly strong in July and August. Variations in ozone
forcing related to the solar cycle may also affect surface temperature via radiative and dynamical processes (see discussion in
Chapter 6; Haigh, 1999; Shindell et at, 1999, 2001), but observational evidence remains ambiguous (e.g., van Loon and Shea,
2000). The assessment of ozone-related Sun-climate interactions
is uncertain as a result of the lack of long-term, reliable observations. This makes it difficult to separate effects of volcanic
eruptions and solar forcing on ozone. There has also been
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speculation that the solar cycle might influence cloudiness and
hence surface temperature through cosmic rays (e.g., Svensmark
and Friis-Christensen, 1997; Svensmark, 1998). The latter effect
is difficult to assess due to limitations in observed data and the
shortness of the correlated time-series.
As discussed earlier in Section 12.2.3, differences between
the response to solar and greenhouse gas forcings would make it
easier to distinguish the climate response to either forcing.
However, the spatial response pattern of surface air temperature
to an increase in solar forcing was found to be quite similar to that
in response to increases in greenhouse gas forcing (e.g., Cubasch
et at, 1997). The vertical response to solar forcing (Figure 12.5)
includes warming throughout most of the troposphere. The
response in the stratosphere is small and possibly locally
negative, but less so than with greenhouse gas forcing, which
gives tropospheric warming and strong stratospheric cooling. The
dependence of solar forcing on wavelength and the effect of solar
fluctuations on ozone were generally omitted in these simulations. Hence, the conclusion that changes in solar forcing have
little effect on large-scale stratospheric temperatures remains
tentative.
The different time-histories of the solar and anthropogenic
forcing should help to distinguish between the responses. All
reconstructions suggest a rise in solar forcing during the early
decades of the 20th century with little change on inter-decadal
time-scales in the second half. Such a forcing history is unlikely
to explain the recent acceleration in surface warming, even if
amplified by some unknown feedback mechanism.
Studies linking forcing and response through correlation
techniques
A number of authors have correlated solar forcing and volcanic
forcing with hemispheric and global mean temperature timeseries from instrumental and palaeo-data (Lean et at, 1995;
Briffa et at, 1998; Lean and Rind, 1998; Mann et at, 1998) and
found statistically significant correlations. Others have compared
the simulated response, rather than the forcing, with observations
and found qualitative evidence for the influence of natural forcing
on climate (e.g., Crowley and Kim, 1996; Overpeck et at, 1997;
Wigley et at, 1997; Bertrand et at, 1999) or significant correlations (e.g., Schbnwiese et al., 1997; Free and Robock, 1999;
Grieser and SchBnwiese, 2001). Such a comparison is preferable
as the climate response may differ substantially from the forcing.
The results suggest that global scale low-frequency temperature
variations are influenced by variations in known natural forcings.
However, these results show that the late 20th century surface
warming cannot be well represented by natural forcing (solar and
volcanic individually or in combination) alone (for example
Figures 12.6, 12.7; Lean and Rind, 1998; Free and Robock, 1999;
Crowley, 2000; Ten et al., 2000; Thejll and Lassen, 2000).
Mann et al. (1998, 2000) used a multi-correlation technique
and found significant correlations with solar and, less so, with the
volcanic forcing over parts of the palato-record. The authors
concluded that natural forcings have been important on decadalto-century time-scales, but that the dramatic warming of the 20th
century correlates best and very significantly with greenhouse
gas forcing. The use of multiple correlations avoids the
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possibility of spuriously high correlations due to the common
trend in the solar and temperature time-series (Laut and
Gunderman, 1998). Attempts to estimate the contributions of
natural and anthropogenic forcing to 20th century temperature
evolution simultaneously are discussed in Section 12.4.
Summary
We conclude that climate forcing by changes in solar irradiance
and volcanism have likely caused fluctuations in global and
hemispheric mean temperatures. Qualitative comparisons
suggest that natural forcings produce too little warming to fully
explain the 20th century warming (see Figure 12.7). The indication that the trend in net solar plus volcanic forcing has been
negative in recent decades (see Chapter 6) makes it unlikely that
natural forcing can explain the increased rate of global warming
since the middle of the 20th century- This question will be
revisited in a more quantitative manner in Section 12.4.
12.2.3.3 Anthropogenic fmring
In the SAR (Santer et at, 1996c), pattem-based detection studies
took into account changes in well-mixed greenhouse gases (often
represented by an equivalent increase in C02), the direct effect of
sulphate aerosols (usually represented by a seasonally constant
change in surface albedo) and the influence of changes in stratospheric ozone. Recent studies have also included the effect of
increases in tropospheric ozone and a representation of the
indirect effect of sulphate aerosols on cloud albedo. Many
models now include the individual greenhouse gases (as opposed
to a CO, equivalent) and include an interactive sulphur cycle and
an explicit treatment of scattering by aerosols (as opposed to
using prescribed changes in surface albedo). Note that representation of the sulphur cycle in climate models is not as detailed as
in the offline sulphur cycle models reported in Chapter 5.
Detection and attribution studies to date have not taken into
account other forcing agents discussed in Chapter 6, including
biogenic aerosols, black carbon, mineral dust and changes in land
use. Estimates of the spatial and temporal variation of these
factors have not been available long enough to have been
included in model simulations suitable for detection studies. In
general, the neglected forcings are estimated to be small globally
and there may be a large degree of cancellation in their global
mean effect (see Chapter 6, Figure 6.8). It is less clear that the
individual forcings will cancel regionally. As discussed in Section
12.4, this will add further uncertainty in the attribution of the
response to individual forcing agents, although we believe it is
unlikely to affect our conclusions about the effects of increases in
well-mixed greenhouse gases on very large spatial scales.
Global mean anthropogenic foreing
The largest and most certain change in radiative forcing since the
pm-industrial period is an increase of about 2.3 Wm -2 due to an
increase in well-mixed greenhouse gases (Chapter 6, Figure 6.8
and Table 6.1). Radiative forcing here is taken to be the net
downward radiative flux at the tropopause ( see Chapter 6).
Smaller, less certain contributions have come from increases in
tropospheric ozone (about 0.3 Wmz), the direct effect of
increases in sulphate aerosols (about -0.4 Wm 2) and decreases in
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Figure 12.7: Global mean surface temperature anomalies relative to
the 1880 to 1920 mean from the instrumental record compared with

(a)
NATURAL : Annual global mean temperatures (1 .5m)

ensembles of four simulations with a coupled ocean-atmosphere
climate model (from Stott el al., 2000b; Ten et at., 2000) forced (a)
with solar and volcanic foming only, (b) with anthropogenic forcing
including well mixed greenhouse gases, changes in stratospheric and
tropospheric ozone and the direct and indirect effects of sulphate
aerosols, and (c) with all forcings, both natural and anthropogenic.
The thick line shows the instrumental data while the thin lines show
the individual model simulations in the ensemble of four members.
Note that the data are annual mean values- The model data are only
sampled at the locations where there are observations. The changes
in sulphate aerosol are calculated interactively, and changes in
tropospheric ozone were calculated oftline using a chemical transport
model. Changes in cloud brightness (the first indirect effect of
sulphate aerosols) were calculated by an offline simulation (Jones et
at, 1999) and included in the model. The changes in stratospheric
ozone were based on observations. The volcanic forcing was based
on the data of Sato et at (1993) and the solar forcing on Lean et al.
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(1995), updated to 1997. The net amhropogenic forcing at 1990 was
1.0 Wm -2 including a net cooling of 1.0 Wm Z due to sulphate
aerosols. The net natural forcing for 1990 relative to 1860 was 05
Wm 2, and for 1992 was a net cooling of 2.0 Wm ' due to ML
Pinatubo. Other models forced with anthropogenic forcing give
similar results to those shown in b (see Chapter 8, Section 8.0.1,
Figure 8.15; Hasselmann et at. 1995; Mitchell et of. 1995b;
Haywood et at, 1997; Boer et at, 2000a; Knutson et at., 2000).
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stratospheric ozone (about -0.2 Wm z). There is a very uncertain
and possibly large negative contribution from the indirect effects
of aerosols. Other factors such as that due to increases in fossil
fuel organic carbon, aviation, changes in land use and mineral dust
are very poorly known and not yet incorporated into simulations
used in formal detection studies. Their contribution is generally
believed to be small relative to well-mixed greenhouse gases,
though they could be of importance on regional scales.
In order to assess temperature changes over the last two
decades, Hansen et at (1997b) estimated the net radiative forcing
due to changes in greenhouse gases (including ozone), solar
variations and stratospheric aerosols from 1979 to 1995 from the
best available measurements of the forcing agents. The negative
forcing due to volcanoes and decreases in stratospheric ozone
compensated for a substantial fraction of the increase in
greenhouse gas forcing in this period (see Chapter 6, Table 6.13).
Patterns of anthropogenie forcing
Many of the new detection studies take into account the spatial
variation of climate response, which will depend to some extent
on the pattern of forcing (see also Section 12.2.3). The patterns of
forcing vary considerably (see Chapter 6, Figure 6.7). The
magnitude of the overall forcing due to increases in well-mixed
greenhouse gases varies from almost 3 Wm -2 in the sub-tropics
to about I W m 2 around the poles. The warming due to increases
in tropospheric ozone is mainly in the tropics and northern subtropics. Decreases in stratospheric ozone observed over the last
couple of decades have produced negativc forcing of up to about
0.5 Wm ^ around Antarctica. The direct effect of sulphate
aerosols predominates in the Northern Hemisphere industrial
regions where the negative forcing may exceed 2 Wm 72 locally.
Temporal variations in jnrcing
Some of the new detection studies take into account the temporal
as well as spatial variations in climate response (see Section
12.4.3.3). Hence the temporal variation of forcing is also
important. The forcing due to well-mixed greenhouse gases (and
tropospheric ozone) has increased slowly in the first half of the
century, and much more rapidly in recent decades (Chapter 6,
Figure 6.8). Contributions from other factors are smaller and
more uncertain. Sulphur emissions increased steadily until World
War 1, then levelled off, and increased more rapidly in the 1950s,
though not as fast as greenhouse gas emissions. This is reflected
in estimates of the direct radiative effect of increases in sulphate
aerosols. Given the almost monotonic increase in greenhouse gas
forcing in recent decades, this means the ratio of sulphate to
greenhouse gas forcing has probably been decreasing since about
1960 (see Chapter 6, Figure 6.8). This should be home in mind
when considering studies that attempt to detect a response to
sulphate aerosols. The decreases in stratospheric ozone have been
confined to the last two to three decades.
Uncertainties in aemsol forcing
Some recent studies have incorporated the indirect effect of
increases in tropospheric aerosols. This is very poorly understood
(see Chapter 6), but contributes a negative forcing which could be
negligible or exceed 2 Wm z. The upper limit would imply very
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little change in net global mean anthropogenic forcing over the
last century although there would still be a quite strong spatial
pattern of beating and cooling which may be incompatible with
recent observed changes (see, for example, Mitchell et al., 1995a).
A negligible indirect sulphate effect would imply a large increase
in anthropogenic forcing in the last few decades. There is also a
large range in the inter-hemispheric asymmetry in the different
estimates of forcing (see Chapter 6, Table 6.4). Given this high
level of uncertainty, studies using simulations including estimates
of indirect sulphate forcing should be regarded as preliminary.
Summary
Well-mixed greenhouse gases make the largest and best-known
contribution to changes in radiative forcing over the last century
or so. There remains a large uncertainty in the magnitude and
patterns of other factors, particularly those associated with the
indirect effects of sulphate aerosol.
12.2.3.4 Climatic response to anthropogenic forcing
We now consider the simulated response to anthropogenic
forcing. Models run with increases in greenhouse gases alone
give a warming which accelerates in the latter half of the century.
When a simple representation of aerosol effects is included
(Mitchell et at., 1995b; Cubasch et at, 1996; Haywood et at,
1997; Bocr et at, 2000a,b) the rate of warning is reduced (see
also Chapter 8, Section 8.6.1). The global mean response is
similar when additional forcings due to ozone and the indirect
effect of sulphates are included. GCM simulations (Teti et aL,
1996; Hansen er al., 1997b) indicate that changes in stratospheric
ozone observed over the last two decades yield a global mean
surface temperature cooling of about 0.l to 0.2°C. This may be
too small to be distinguishable from the model's internal
variability and is also smaller than the warming effects due to the
changes in the well-mixed greenhouse gases over the same time
period (about 0.2 to 0.3°C). The lack of a statistically significant
surface temperature change is in contrast to the large ozoneinduced cooling in the lower stratosphere (WMO, 1999;
Bengtsson et at 1999).
The response of the vertical distribution of temperature to
anthropogenic forcing

Increases in greenhouse gases lead to a warming of the
troposphere and a cooling of the stratosphere due to CO, (IPCC,
1996). Reductions in stratospheric ozone lead to a further cooling,
particularly in the stratosphere at high latitudes. Anthropogenic
sulphate aerosols cool the troposphere with little effect on the
stratosphere. When these three forcings are included in a climate
model (e.g., Teti et at, 1996, 2000) albeit in a simplified way, the
simulated changes show tropospheric warming and stratospheric
cooling, as observed and as expected on physical principles
(Figure 12.8). Note that this structure is distinct from that expected
from natural (internal and external) influences.
The response of surface temperature to anthropogenic forcing
The spatial pattern of the simulated surface temperature response
to a steady increase in gteenhouse gases is well documented (e.g.,
Kauenberg et at, 1996; Chapter 10)- The warming is greater over
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Figure 12.8: Simulated and observed zonal mean temperature change as a function of latitude and height from Ten et at (1996). The contour
interval is 0.1 °C. All signals are defined to be the difference between the 1986 to 1995 decadal mean and the 20 year 1961 to 1980 mean. (a).
increases in CO2 only (G); (b), as (a), but with a simple representation of sulphate aerosols added (GS); (c), as (b), with observed changes in
stratospheric ozone (GSO); (d), observed changes.

land than over ocean and generally small during the 20th century
over the Southern Ocean and northern North Atlantic where
mixing extends to considerable depth. The warming is amplified
in high latitudes in winter by the recession of sea ice and snow,
and is close to zero over sea ice in summer.
Despite the qualitative consistency of these general features,
there is considerable variation from model to model. In Chapter
9, it was noted that the spatial correlation between the transient
response to increasing CO, in different models in scenarios to the
middle of the 21st century was typically 0.65. In contrast, the
spatial correlation between the temperature response to
greenhouses gases only, and greenhouse gases and aerosols in the
same model was typically 0.85 (see Chapter 9, Table 9.2). Hence,
attempts to detect separate greenhouse gas and aerosol patterns in
different models may not give consistent results (see Section
12.4.3.2).
72.2.4 Some Important Statistical Considerations
Most recent studies (Hegerl et at, 1996, 1997, 2000, 2001; North
and Stevens, 1998; Allen and Tett, 1999; Ten et al., 1999, 2000;
Berliner et at., 2000; North and Wu, 2001; Stott et at, 2001) have
used a regression approach in which it is assumed that observa-

tions can be represented as a linear combination of candidate
signals plus noise (see Appendices 12.1 and 12.2). Other
approaches, such as pattern correlation (Santer et a!., 1995,
1996a; see also Appendix 12.3), complement the regression
approach, being particularly valuable in cases where modelsimulated response patterns are particularly uncertain. In all
cases, the signal patterns are obtained from climate models. In the
regression approach, the unknown signal amplitudes are
estimated from observations. The uncertainty of these estimates
that is caused by natural variability in the observations is
expressed with confidence intervals. Detection of an individual
signal is achieved when the confidence interval for its amplitude
does not include zero. Overall detection (that some climate
change has taken place) is achieved when the joint confidence
interval on the signals considered does not encompass the origin.

Attribution and consistency
Detecting that some climate change has taken place does not
immediately imply that we know the cause of the detected
change. The practical approach to attribution that has been taken
by climatologists includes a demand for consistency between the
signal amplitudes projected by climate models and estimated
from observations (Hasselmann, 1997). Consequently, several
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studies, including Heger) et at (1997, 2000) and Tett et at (1999,
2000) have performed an "attribution" consistency test that is
designed to detect inconsistency between observed and model
projected signal amplitudes. This test is a useful adjunct to
detection because it provides an objective means of identifying
model-simulated signal amplitudes that are significantly different
from those estimated from observations. However, the test does
not give the final word on attribution because it is designed to
identify evidence of inconsistency rather than evidence for
consistency between modelled and observed estimates of signal
strength. A further refinement (e.g., Stott et at, 2001) is to
consider the full range of signals believed, on physical grounds,
to be likely to have had a significant impact on recent climate
change and to identify those subsets of these signals that are
consistent with recent observations. If all these subsets contain an
anthropogenic component, for example, then at least part of the
observed change can be attributed to anthropogenic influence.
Levine and Berliner (1999) point out that a test that searches for
consistency is available (Brown et al., 1995), but it has not yet
been used in attribution studies. Bayesian statisticians approach
the problem more directly by estimating the posterior probability
that the signal amplitudes projected by climate models are close
to those in the observed climate. Berliner et al. (2000) provides a
demonstration.
The use of climate models to estimate natural internal variability
Climate models play a critical role in these studies because they
provide estimates of natural internal variability as well as the
signals. In most studies an estimate of natural internal variability
is needed to optimise the search for the signal and this is usually
obtained from a long control simulation. In addition, a separate
estimate of natural variability is required to determine the
uncertainty of the amplitude estimates. Unfortunately, the short
instrumental record gives only uncertain estimates of variability
on the 30 to 50 year time-scales that are important for detection
and attribution and palaeo-data presently lacks the necessary
spatial coverage (see Section 12.2.2). Thus a second control
integration is generally used to estimate the uncertainty of the
amplitude estimates that arises from natural climate variability
(e.g., Hegerl et aL, 1996; Ten el at, 1999).
Temporal and spatial scales used in detection studies
While a growing number of long control simulations are
becoming available, there remain limitations on the spatial scales
that can be included in global scale detection and attribution
studies. Present day control simulations, which range from 300 to
about 2,000 years in length, are not long enough to simultaneously estimate internal variability on the 30 to 50 year time-scale
over a broad range of spatial scales. Consequently, detection and
attribution studies are conducted in a reduced space that includes
only large spatial scales. This space is selected so that it
represents the signals well and allows reliable estimation of
internal variability on the scales retained (see Appendix 12.4).
Recently, the scale selection process has been augmented with a
statistical procedure that checks for consistency between model
simulated and observed variability on the scales that are retained
(Allen and Tett, 1999).
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Fixed and temporallv-varying response patterns
Detection and attribution studies performed up to the SAR used
fixed signal patterns that did not evolve with time. These studies
were hampered because the mean large-scale response of climate
to different types of anomalous forcing tends to be similar (e.g.,
Mitchell et at, 1995a; Reader and Boer, 1998; see also Figure
12.3). Recent studies have been able to distinguish more clearly
between signals from anthropogenic and other sources by
including information from climate models about their temporal
evolution. Tett et at (1999, 2000) and Stott et al. (2001) in related
studies have used a space-time approach in which the signal
pattern evolves on the decadal time-scale over a 50-year period.
North and Wu (2001) also use a space-time approach. North and
Stevens (1998) used a related .spacefrequency approach (see
Appendix 12.2).
Allowance for noise in signal pattencs
Most studies have assumed that signal patterns are noise free.
This is a reasonable assumption for fixed pattern studies (see
Appendix 12.2) but space-time estimates of the 20th century
climate change obtained from small ensembles of forced climate
simulations are contaminated by the model's internal variability.
Allen and Tett (1999) point out that noise in the signal patterns
will tend to make the standard detection algorithm (e.g.,
Hassehnann, 1993, 1997) somewhat conservative. Methods for
accommodating this source of noise have been available for more
than a century (Adcock, 1878; see also Ripley and Thompson,
1987). Allen and Stott (2000) recently applied such a method and
found that, while the question of which signals could be detected
was generally unaffected, the estimated amplitude of individual
signals was sensitive to this modification of the procedure.
Another source of uncertainty concerns differences in signal
patterns between different models. Recent studies (Allen et at,
2000a,b; Barnett et al., 2000; Hegerl et at, 2000) consider the
sensitivity of detection and attribution results to these differences.
12.3 Qualitative Comparison of Observed and Modelled
Climate Change
12.3.1 Introduction
This section presents a qualitative assessment of consistencies
and inconsistencies between the observed climate changes identified in Chapter 2 and model projections of anthropogenic climate
change described in Chapter 9.
Most formal detection and attribution studies concentrate on
variables with high climate change signal-to-noise ratios, good
observational data coverage, and consistent signals from different
model simulations, mainly using mean surface air temperatures
or zonal mean upper-air temperatures. To enhance the signal-tonoise ratio, they generally consider variations on large spatial
scales and time-scales of several decades or longer.
There are many studies that have identified areas of qualitative consistency and inconsistency between observed and
modelled climate change. While the evidence for an anthro
pogenic influence on climate from such studies is less compelling
than from formal attribution studies, a broad range of evidence of
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qualitative consistency between observed and modelled climate
change is also required. In addition, areas of qualitative consistency may suggest the possibility for further formal detection and
attribution study.
12.3.2 Thervid Indicators
Surface temperature
Global mean surface air temperature has been used in many
climate change detection studies. The warming shown in the
instrumental observations over the last 140 yearns is larger than that
over a comparable period in my of the multi-century control
simulations carried out to date (e.g., Figure 12.1; Stouffer et at.,
2000). If the real world internal variability on this time-scale is no
greater than that of the models, then the temperature change over
the last 140 years has been unusual and therefore likely to be
externally forced. This is supported by palace-reconstructions of
the last six centuries (Mann et at, 1998) and the last 1,000 years
(Briffa et a1., 1998; 2000; Jones et aL, 1998; Crowley, 2000;
Crowley and Lowery, 2000; Mann et at, 2000), which show that
the 20th century warming is highly unusual. Three of the five
years (1995, 1996 and 1998) added to the instrumental record
since the SAR are the warmest globally in the instrumental record,
consistent with the expectation that increases in greenhouse gases
will lead to sustained long-term warming.
When anthropogenic factors are included, models provide a
plausible explanation of the changes in global mean temperature
over the last hundred years (Figure 12.7). It is conceivable that
this agreement between models and observations is spurious. For
example, if a model's response to greenhouse gas increases is too
large (small) and the sulphate aerosol forcing too large (small),
these errors could compensate. Differences in the spatio-temporal
pattems of response to greenhouse gases and sulphate forcing
nevertheless allow some discrimination between them, so this
compensation is not complete. On the other hand, when forced
with known natural forcings, models produce a cooling over the
second half of the 20th century (see Figure 12.7) rather than the
warming trend shown in the observed record. The discrepancy is
too large to be explained through model estimates of internal
variability and unlikely to be explained through uncertainty in
forcing history (Tett et al., 2000). Schneider and Held (2001)
applied a technique to isolate those spatial pattems of decadal
climate change in observed surface temperature data over the
20th century which are most distinct from interannual variability.
They find a spatial pattern which is similar to model-simulated
greenhouse gas and sulphate aerosol fingerprints in both July and
December. The time evolution of this pattern shows a strong
trend with little influence of interannual variability. (Note that
this technique is related to optimal fingerprinting, but does not
use prior information on the pattern of expected climate change.)
Other thermal indicators
While most attention in formal detection and attribution studies
has been paid to mean surface air temperatures, a number of other
thermal indicators of chmate variations are also discussed in
Chapter 2. Many of these, including warming in sub-surface land
temperatures measured in bore holes, warming indicators in ice
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cores and corresponding bore holes, warming in sub-surface
ocean temperatures, retreat of glaciers, and reductions in Arctic
sea-ice extent and in snow cover, are consistent with the recent
observed warming in surface air temperatures and with model
projections of the response to increasing greenhouse gases. Other
observed changes in thermal indicators include a reduction in the
mean annual cycle (winters warming faster than summers) and in
the mean diurnal temperature range (nights warming faster than
days) over land (see Chapter 2). While the changes in annual
cycle are consistent with most model projections, the observed
changes in diurnal temperature range are larger than simulated in
most models for forcings due to increasing greenhouse gases and
sulphate aerosols this century (see Chapters 2 and 8). However,
the spatial and temporal coverage of data for changes in observed
diurnal temperature range is less than for changes in mean
temperatures, leading to greater uncertainty in the observed
global changes (Karoly and Braganza, 2001; Schnur, 2001).
Also, the observed reductions in diurnal temperature range are
associated with increases in cloudiness (see Chapter 2), which are
not simulated well by models. Few models include the indirect
effects of sulphate aerosols on clouds.
Changes in sea-ice cover and snow cover in the transition
seasons in the Northern Hemisphere are consistent with the
observed and simulated high latitude warming. The observed
trends in Northern Hemisphere sea-ice cover (Parkinson et at,
1999) are consistent with those found in climate model simulations of the last century including anthropogenic forcing
(Vinnikov et at, 1999). Sea-ice extent in the Southern
Hemisphere does not show any consistent trends.
Compatibility of surface and free atmosphere temperature trends
There is an overall consistency in the patterns of upper air
temperature changes with those expected from increasing
greenhouse gases and decreasing stratospheric ozone (tropospheric warming and stratospheric cooling). It is hard to explain
the observed changes in the vertical in terms of natural forcings
alone, as discussed in Section 12.2.3.2 (see Figure 12.8).
However, there are some inconsistencies between the observed
and modelled vertical patterns of temperature change.
Observations indicate that, over the last three to four decades, the
tropical atmosphere has warmed in the layer up to about 300 hPa
and cooled above (Parker et al., 1997; flatten et al., 2000). Model
simulations of the recent past produce a warming of the tropical
atmosphere to about 200 hPa, with a maximum at around 300 hPa
not seen in the observations. This discrepancy is less evident
when co-located model and radiosonde data are used (Sauter et
al., 2000), or if volcanic forcing is taken into account, but does
not go away entirely (Bengtsson et at, 1999; Brown et at,
2000b). The MSU satellite temperature record is too short and
too poorly resolved in the vertical to be of use here.
Comparison of upper air and surface temperature data in
Chapter 2 shows that the lower to mid-troposphere has warmed
less than the surface since 1979. The satellite-mea.sured temperarum over a broad layer in the lower troposphere around 750 hPa
since 1979 shows no significant trend, in contrast to the warming
trend measured over the same time period at the surface. This
disparity has been assessed recently by a panel of experts
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(National Academy of Sciences, 2000). They concluded that "the
troposphere actually may have warmed much less rapidly than the
surface from 1979 to the late 1990s, due both to natural causes
(e.g., the sequence of volcanic eruptions that occurred within this
particular 20-year period) and human activities (e.g., the cooling
in the upper troposphere resulting from ozone depletion in the
stratosphere)" (see also Sauter et al., 2000). They also concluded
that "it is not currently possible to determine whether or not there
exists a fundamental discrepancy between modelled and observed
atmospheric temperature changes since the advent of satellite data
in 1979". Over the last 40 years, observed warming trends in the
lower troposphere and at the surface are similar, indicating that the
lower troposphere warmed faster than the surface for about two
decades prior to 1979 (Brown et al., 2000a; Gaffen et at, 2000).
However, in the extra-tropical Eurasian winter some additional
warming of the surface relative to the lower or mid-troposphere
might be expected since 1979. This is due to an overall trend
towards an enhanced positive phase of the Arctic Oscillation
(Thompson et aL, 2000) which has this signature.
Model simulations of large-scale changes in tropospheric and
surface temperatures are generally statistically consistent with the
observed changes (see Section 12.4). However, models generally
predict an enhanced rate of warming in the mid- to upper
troposphere over that at the surface (i.e., a negative lapse-rate
feedback on the surface temperature change) whereas observations show mid-tropospheric temperatures warming no faster
than surface temperatures. It is not clear whether this discrepancy
arises because the lapse-mm feedback is consistently overrepresented in climate models or because of other factors such as
observational error or neglected forcings (Santer et at, 2000).
Note that if models do simulate too large a negative lapse-rate
feedback, they will tend to underestimate the sensitivity of
climate to a global radiative forcing perturbation.
Stratospheric trends
A recent assessment of temperature trends in the stratosphere
(Chanin and Ramaswamy, 1999) discussed the cooling trends in
the lower stratosphere described in Chapter 2. It also identified
large cooling trends in the middle and upper stratosphere, which
are consistent with anthropogenic forcing due to stratospheric
ozone depletion and increasing greenhouse gas concentrations.
An increase in water vapour, possibly due to increasing methane
oxidation, is another plausible explanation for the lower stratospheric cooling (Forster and Shine, 1999) but global stratospheric
water vapour trends are poorly understood.
12.3.3 Hydrological Indicators
As discussed in Chapter 2, there is less confidence in observed
variations in hydrological indicators than for surface temperature,
because of the difficulties in taking such measurements and the
small-scale variations of precipitation. There is general consistency between the changes in mean precipitation in the tropics
over the last few decades and changes in ENSO. There is no
general consistency between observed changes in mean tropical
precipitation and model simulations. In middle and high latitudes
in the Northern Hemisphere, the observed increase in precipita-
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tion is consistent with most model simulations. Observed
changes in ocean salinity in the Southern Ocean appear to be
consistent with increased precipitation there, as expected from
model simulations (Wong et al., 1999; Banks et at, 2000).
The observed increases in the intensity of heavy precipitation
in the tropics and in convective weather systems described in
Chapter 2 are consistent with moist thermodynamics in a warmer
atmosphere and model simulations. Observed increases of water
vapour in the lower troposphere in regions where there is adequate
data coverage are also consistent with model simulations. As
discussed in Chapter 7, different theories suggest opposite
variations of water vapour in the upper troposphere associated
with an increased greenhouse effect and surface warming. The
quality, amount and coverage of water vapour data in the upper
troposphere do not appear to be sufficient to resolve this issue.
12.3.4 Circulation
In middle and high latitudes of both hemispheres, there has been
a trend over the last few decades towards one phase of the North
Atlantic Oscillation/Arctic Oscillation and of the Antarctic high
latitude mode, sometimes also referred to as "annular modes",
(Chapter 2; Thompson et at, 2000). These are approximately
zonally symmetric modes of variability of the atmospheric
circulation. Both trends have been associated with reduced
surface pressure at high latitudes, stronger high latitude jets, a
stronger polar vortex in the winter lower stratosphere and, in the
Northern Hemisphere, winter warming over the western parts of
the continents associated with increased warm advection from
ocean regions. The trend is significant and cannot be explained
by internal variability in some models (Gillett et at, 2000b),
These dynamical changes explain only part of the observed
Northern Hemisphere warming (Gillett et at, 2000b; Thompson
et at., 2000). Modelling studies suggest a number of possible
causes of these circulation changes, including greenhouse gas
increases (Fyfe et at, 1999; Paeth et at., 1999; Shindell et at,
1999) and stratospheric ozone decreases (Graf et al., 1998;
Volodin and Galin, 1999). Some studies have also shown that
volcanic emptions (Graf et at., 1998; Mao and Robock, 1998;
Kirchner at al., 1999) can induce such changes in circulation on
interannual time-scales. Shindell et at (2001) show that both
solar and volcanic forcing are unlikely to explain the recent
trends in the annular modes.
The majority of models simulate the correct sign of the
observed trend in the North Atlantic or Arctic Oscillation when
forced with anthropogenic increases in greenhouse gases and
sulphate aerosols, but almost all underestimate the magnitude of
the trend (e.g., Osborn et at, 1999; Gillett et aL, 2000b; Shindell et
at, 1999). Some studies suggest that a better resolved stratosphere
is necessary to simulate the correct magnitude of changes in
dynamics involving the annular modes (e.g., Shindell at at, 2001).
12.3.5 Combined Evidence
The combination of independent but consistent evidence should
strengthen our confidence in identifying a human influence on
climate. The physical and dynamical consistency of most of the
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thermal and hydrological changes described above supports this
conclusion. However, it is important to bear in mind that much of
this evidence is associated with a global and regional pattern of
warming and therefore cannot be considered to be completely
independent evidence.
An elicitation of individual experts' subjective assessment
of evidence for climate change detection and attribution is
being carried out (Risbey et al., 2000). This will help to better
understand the nature of the consensus amongst experts on the
subject of climate change attribution.
12.4 Quantitative Comparison of Observed and Modelled
Climate Change
A major advance since the SAR has been the increase in the
range of techniques used to assess the quantitative agreement
between observed and modelled climate change, and the
evaluation of the degree to which the results are independent
of the assumptions made in applying those techniques (Table
12.1). Also, some studies have based their conclusions on
estimates of the amplitude of anthropogenic signals in the
observations and consideration of their consistency with
model projections. Estimates of the changes in forcing up to
1990 used in these studies, where available, are given in Table
12.2. In this section we assess new studies using a number of
techniques, ranging from descriptive analyses of simple
indices to sophisticated optimal detection techniques that
incorporate the time and space-dependence of signals over the
20th century.
We begin in Section 12.4,1 with a brief discussion of
detection studies that use simple indices and time-series
analyses. In Section 12.4.2 we discuss recent pattern correlation studies (see Table 12.1) that assess the similarity between
observed and modelled climate changes. Pattern correlation
studies were discussed extensively in the SAR, although
subsequently they received some criticism. We therefore also
consider the criticism and studies that have evaluated the
performance of pattern correlation techniques. Optimal
detection studies of various kinds are assessed in Section
12.4.3. We consider first studies that use a single fixed spatial
signal pattern (Section 12.4.3.1) and then studies that simultaneously incorporate more than one fixed signal pattern
(Section 12.4.3.2). Finally, optimal detection studies that take
into account temporal as well as spatial variations (so-called
space-time techniques) are assessed in Section 12 4.3.3.
We provide various aids to the reader to clarify the distinction between the various detection and attribution techniques
that have been used. Box 12.1 in Section 12.4.3 provides a
simple intuitive description of optimal detection. Appendix
12.1 provides a more technical description and relates optimal
detection to general linear regression. The differences
between fixed pattern, space-time and space-frequency
optimal detection methods are detailed in Appendix 12.2 and
the relationship between pattern correlation and optimal
detection methods is discussed in Appendix 12.3. Dimension
reduction, a necessary part of optimal detection studies, is
discussed in Appendix 12.4.
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12.4.1 Simple Indices and Time-series Methods
An index used in many climate change detection studies is global
mean surface temperature, either as estimated from the instrumental record of the last 140 years, or from palaeo-teconstructions. Some studies of the characteristics of the global mean and
its relationship to forcing indices are assessed in Section 12.2.3.
Here we consider briefly some additional studies that examine
the spatial structure of observed trends or use more sophisticated
time-series analysis techniques to characterise the behaviour of
global, hemispheric and zonal mean temperatures.
Spatial patterns of trends in surface temperature
An extension of the analysis of global mean temperature is to
compare the spatial structure of observed trends (see Chapter 2,
Section 2.2.2.4) with those simulated by models in coupled
control simulations. Knutson et at (2000) examined observed
1949 to 1997 surface temperature trends and found that over
about half the globe they are significantly larger than expected
from natural low-frequency internal variability as simulated in
long control simulations with the GFDL model ( Figure 12.9). A
similar result was obtained by Boer et at (2000a) using 1900 to
1995 trends. The level of agreement between observed and
simulated trends increases substantially in both studies when
observations are compared with simulations that incorporate
transient greenhouse gases and sulphate aerosol forcing (compare
Figure 12.9c with Figure 12.9d, see also Chapter 8, Figure 8.18).
While there are areas, such as the extra-tropical Pacific and North
Atlantic Ocean, where the GFDL model warms significantly
more than has been observed, the anthropogenic climate change
simulations do provide a plausible explanation of temperature
trends over the last century over large areas of the globe.
Delworth and Knutson ( 2000) find that one in five of their anthropogenic climate change simulations showed a similar evolution
of global mean surface temperature over the 20th century to that
observed, with strong warming, particularly in the high latitude
North Atlantic, in the first half of the century. This would suggest
that the combination of anthropogenic forcing and internal
variability may be sufficient to account for the observed earlycentury warming (as suggested by, e.g., Hegerl et at. 1996),
although other recent studies have suggested that natural forcing
may also have contributed to the early century warming (see
Section 12.4.3).
Correlation structures in surface temperature
Another extension is to examine the lagged and cross-correlation
structure of observed and simulated hemispheric mean temperature as in Wigley et at, (I998a). They find large differences
between the observed and model correlation structure that can be
explained by accounting for the combined influences of anthropogenic and solar forcing and internal variability in the observations. Solar forcing alone is not found to be a satisfactory
explanation for the discrepancy between the correlation
structures of the observed and simulated temperatures. Karoly
and Braganza (2001) also examined the correlation structure of
surface air temperature variations. They used several simple
indices, including the land-ocean contrast, the meridional
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Table 12.1: Summary of the main detection and attribution studies considered.
Study

Signals

Signal

Noise

source

source

Method

S,V

Time-scale

No. of
patterns

Detect

Internal

25 year

I

GSO

variability

Annual and

Sources of
uucertain

Santa et al.,

G, GS, O

Equilibrium

GFDL R 15,

F,

1996

etc.

I future

HadCM2,

Corr

LLNL,
GFDL R15,

ECHAMI

V

seasonal

HadCM2

Hegerl.
1996,1997

G, GS

Future
ECHAM3,
HadCM2

GFDL R 15,
ECHAMI,
HadCM2;

F,
Pattern

S

Internal
variability

30, 50 years
Annual aid
JJA

1,2

G,
GS,
S

Teti et at.,

G, GS,

Historical

1996

GSO

HadCM2

F.

V

Internal

35 years

I

6SO

Heger] et
al, 2000

G, GS,
Vol, Sol

Future,
ECHAM3,
HadCM2

ECHAM3,
HadCM2

F,
Pattern

S

30, 50 years
Annual and
]IA

1,2

GS, G, S
(not all
cases)

Allen and
Teti, 1999

G, CS,
GSO

Historical
HadCM2

HadCM2

F,
pattern

V

Internal
variability

35 years
Annual

1,2

GSO and
also (3

Teti et a!.,

G,GS,

Historical

HadCM2

Time-

S

1999

Sol, Vol

HadCM2

Internal

50 years

2 or more

variability,

decadal and

2 solar signals

seasonal

Internal

Annual and

variability

hemispheric

observation

HadCM2

variability

Con

Internal
variability;
model
uncertainty

space

Stott et aL,

G, GS,

Sol (Vol)

2001
North and

G, GS,

Stevens, 1998 Sol, Vol

Historical

GFDL

Freq-

EBM

ECHAMI,

Space

4

G, S, Vol

summer

Leroy, 1998

EBM

North and
Wu, 2001

Samn+Hnd
CM2

Timespace

F.
Pattern

Barnett et
at, 1999

S

Annual

G, GS,
GSIO

Future
ECHAM3,

ECHAM3,
ECHAM4,

S

Sol+vol

ECHAM4,

HadCM2,

error, model

HadCM2,

GFDLRI5

uncertainty,

GFDL R15

Observed
sampling

50 years
J1A trends

G, Vol

2

GS, G, S
(S not
all cases)

internal
variability

Hill et at.,
2001

G, GSO,Sol

Historical
HadCM2

HadCM2

F, pattern

V

Internal
variability

35 years
annual

3

G

Teti e+aL,
2000

G.GSTL
GSTTO. Nat

Historical
HadCM3

HadCM3

Timespace

S

Internal
variability

50, 100 years
decadal

2 or more

G, SIT,
GSTIO
and Nat

Internal

35 years,

2

GSTI

F, pattern

V

variability

annual

The columns contain the following information:
Study:
Signals :

the main reference to the study.
outlines the principal signals considered: G-greenhouse gases, S-sulphate aerosol direct effect, T-tropospheric ozone,
I-sulphate aerosol indirect effect, O-stratospheric ozone, Sol-solar, Vol-volcanoes, Nat-solar and volcanoes.

Signal source :

"historical" indicates the signal is taken from a historical hindcast simulation, "future" indicates that the pattern is
taken from a prediction.

Noise source :

origin of the noise estimates.

Method :

""F" means fixed spatial pattern, "con" indicates a correlation study, "pattem" an optimal detection study.

S, V:

"V" indicates a vertical temperature pattern, "S" a horizontal temperature pattern.

Sources of uncertainty : any additional uncertainties allowed foram indicated. Modelled internal variability is allowed for in all studies.
Time-scale :

the lengths of time interval considered. (JJA= June-July-August)

No. of patterns :
Detect :

the number of patterns considered simultaneously.
signals detected.
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Table 12.2: Estimated forsing ftom pre-industrial period to 1990 in simulations used in defection studies ( Win 2). GS indicates only direct
sulphate forc'rng included, GSI indicates both direct and indirect effects included. Other details of the detection studies are given in Table 12.1.
Details of the models are given in Chapter 8, Table 8.1.

Model

Aerosol

Baseline
forcing

1990 aerosol
forcing

HadCM2
HadCM3
ECAAM3/LSG
ECHAM41OPYC
11L R31
CGCM I,2

GS
GSf
GS
GSI
GS
GS

1760
1860
1880
1760
1760
1760

-0.6
-1.0
-0.7
-0.9
-0.6
--1.0

gradient, and the magnitude of the seasonal cycle, to describe
global climate variations and showed that for natural variations,
they contain information independent of the global mean temperature. They found that the observed trends in these indices over
the last 40 years are unlikely to have occurred due to natural
climate variations and that they are consistent with model simuladons of anthropogenic climate change.
Statistical models of time-series
Further extensions involve the use of statistical "models" of
global, hemispheric and regional temperature time-series. Note
however, that the stochastic models used in these time-series
studies are generally not built from physical principles and are
thus not as strongly constrained by our knowledge of the physical
climate system as climate models. All these studies depend on
inferring the statistical properties of the time-series from an
assumed noise model with parameters estimated from the
residuals. As such, the conclusions depend on the appropriateness
or otherwise of the noise model.
Tol and de Vos (1998), using a Bayesian approach, fit a
hierarchy of time-series models to global mean near-surface
temperature. They find that there is a robust statistical relationship between atmospheric CO2 and global mean temperature and
that natural variability is unlikely to be an explanation for the
observed temperature change of the past century. Tol and Vellinga
(1998) further conclude that solar variation is also an unlikely
explanation. Zheng and Basher (1999) use similar time-series
models and show that deterministic trends are detectable over a
large part of the globe. Walter et al. (1998), using neural network
models, estimate that the warming during the past century due to
greenhouse gas increases is 0.9 to 1.3°C and that the counterbalancing cooling due to sulphate aerosols is 0.2 to 0.4°C.
Similar results are obtained with a multiple regression model
(Schonwiese et at, 1997). Kaufmann and Stern (1997) examine
the lagged-covariance structure of hemispheric mean temperature
and find it consistent with unequal anthropogenic aerosol forcing
in the two hemispheres. Smith et at. (2001), using similar
bivariate time-series models, find that the evidence for causality
becomes weak when the effects of ENSO are taken into account.
Bivariate time-series models of hemispheric mean temperature
that account for box-diffusion estimates of the response to
anthropogenic and solar forcing are found to fit the observations
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Mitchell and Johns, 1997
Ten et al, 2000
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Roeckner et aL, 1999
Stouffer
Boer et al., 2000a,b

significantly better than competing statistical models. All of these
studies draw conclusions that are consistent with those of earlier
trend detection studies (as described in the SAR).
In summary, despite various caveats in each individual result,
time-series studies suggest that natural signals and internal
variability alone are unlikely to explain the instrumental record,
and that an anthropogenic component is required to explain
changes in the most recent four or five de..ades.
12.4.2 Pattern Correlation Methods

12.4.2.1 Horizontal patterns
Results from studies using pattern correlations were reported
extensively in the SAR (for example, Santer et at, 1995, 1996c;
Mitchell et at, 1995b). They found that the patterns of simulated
surface temperature change due to the main anthropogenic
factors in recent decades are significantly closer to those
observed than expected by chance. Pattern correlations have been
used because they are simple and are insensitive to errors in the
amplitude of the spatial pattern of response and, if centred, to the
global mean response. They are also less sensitive than regression-based optimal detection techniques to sampling error in the
model-simulated response. The aim of pattern-correlation studies
is to use the differences in the large-scale patterns of response, or
"fingerprints", to distinguish between different causes of climate
change.
Strengths and weaknesses of correlation methods
Pattern correlation statistics come in two types - centred and
uncentred (see Appendix 12.3). The centred (uncentred) statistic
measures the similarity of two patterns after (without) removal of
the global mean. Legates and Davis (1997) criticised the use of
centred correlation in detection studies. They argued that correlations could increase while observed and simulated global means
diverge. This was precisely the reason centred correlations were
introduced (e.g., Santer et at, 1993): to provide an indicator that
was statistically independent of global mean temperature
changes. If both global mean changes and centred pattern correlations point towards the same explanation of observed temperature
changes, it provides more compelling evidence than either of
these indicators in isolation. An explicit analysis of the role of the
global mean in correlation-based studies can be provided by the
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Figure 12.9: (a) Observed surface air temperature trends for 1949 to 1997. (b) Simulated surface air temperature trends for the same period as estimated from a five-member greenhouse gas
plus sulphate ensemble run with the GFDL R30 model. (c) Observed trends (in colour) that lie outside the 90% natural variability confidence bounds as estimated from the GFDL R30
control run. Grey areas show regions where the observed trends are consistent with the local 49-year temperature trends in the control nm. (d) As for (c) but showing observed 1949 to 1997
trends (in colour) that are significantly different (as determined with a t-test at the 10% level) from chose simulated by the greenhouse gas plus aerosol simulations performed with the GFDL
R30 model (from Knutson et at. 2000). The larger grey areas in (d) than (c) indicate that the observed trends are consistent with the anthropogenic forced simulations over larger regions
than the control simulations.
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use of both centred and uncentred statistics. Pattern correlationbased detection studies account for spatial auto-correlation
implicitly by comparing the observed pattern correlation with
values that are realised in long control simulations (see Wigley et
al., 2000). These studies do not consider the amplitude of anthropogenic signals, and thus centred correlations alone are not
sufficient for the attribution of climate change.
Wigley er at (1998b) studied the performance of correlation
statistics in an idealised study in which known spatial signal
patterns were combined with realistic levels of internal variability.
The statistics were found to perform well even when the signal is
contaminated with noise. They found, in agreement with Johns et
a/. (2001), that using an earlier base period can enhance
detectability, but that much of this advantage is lost when the
reduced data coverage of earlier base periods is taken into
account. They also found that reasonable combinations of
greenhouse gas and aerosol patterns are more easily detected than
the greenhouse gas pattern on its own. This last result indicates the
importance of reducing the uncertainty in the estimate of aerosol
forcing, particularly the indirect effects. In summary, we have a
better understanding of the behaviour of pattern correlation statistics and reasons for the discrepancies between different studies.
12.4.2.2 Vertical patterns
As noted in Section 12.3.2, increases in greenhouse gases
produce a distinctive change in the vertical profile of temperature.
Santer et at. (1996c) assessed the significance of the observed
changes in recent decades using equilibrium GCM simulations
with changes in greenhouse gases, sulphate aerosols and stratospheric ozone. This study has been extended to include results
from the transient AOGCM simulations, additional sensitivity
studies and estimates of internal variability from three different
models (Santer et at, 1996a). Results from this study are consistent with the earlier results - the 25-year trend from 1963 to 1988
in the centred correlation statistic between the observed and
simulated patterns for the full atmosphere was significantly
different from the population of 25-year trends in the control
simulations. The results were robust even if the estimates of noise
levels were almost doubled, or the aerosol response (assumed
linear and additive) was halved. The aerosol forcing leads to a
smaller warming in the Northern Hemisphere than in the
Southern Hemisphere.
Ten er a[. (1996) refined Santer et aL's (1996a) study by using
ensembles of transient simulations which included increases in
CO2, and sulphate aerosols, and reductions in stratospheric
ozone, as well as using an extended record of observations (see
Figure 12.8). They found that the best and most significant
agreement with observations was found when all three factors
were included'. Allen and Tett (1999) find that the effect of
greenhouse gases can be detected with these signal patterns using
optimal detection (see Appendix 12.1).
Folland et at. (1998) and Sexton et al. (2001) take a complementary approach using an atmospheric model forced with sea
I Correction of an error in a data mask (Allen and Tet4 1999) did not
affect these conclusions, though the additional improvement due to
adding sulphate and ozone forcing was no longer significant.
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surface temperatures (SST) and ice extents prescribed from
observations. The correlation between the observed and
simulated temperature changes in the vertical relative to the base
period from 1961 to 1975 was computed. The experiments with
anthropogenic forcing (including some with tropospheric ozone
changes), give significantly higher correlations than when only
SST changes are included.
interpretation of results
Weber (1996) and Michaels and Knappenburger (1996) both
criticised the Sauter et at. (1996a) results, quoting upper air
measurements analysed by Angell (1994). Weber argued that the
increasing pattern similarity over the full atmosphere (850 to 50
hPa) resulted mainly from a Southern Hemisphere cooling
associated with stratospheric ozone depletion. Santer et al.
(1996b) pointed out that when known biases in the radiosonde
data are removed (e.g., Parker et at., 1997), or satellite or
operationally analysed data are used, the greater stratospheric
cooling in the Southern Hemisphere all but disappears. Weber
(1996) is correct that stratospheric cooling due to ozone will
contribute to the pattern similarity over the full atmosphere, but
decreases in stratospheric ozone alone would be expected to
produce a tropospheric cooling, not a warming as observed. This
point should be bom in mind when considering a later criticism
of the pattern correlation approach. Both Weber (1996) and
Michaels and Knappenburger (1996) note that the greater
warming of the Southern Hemisphere relative to the Northern
Hemisphere from 1963 to 1988 has since reversed. They attribute
the Southern Hemisphere warming from 1963 to the recovery
from the cooling following the eruption of Mount Agung. Sauter
et at (1996b) claim that this change in asymmetry is to be
expected, because the heating due to increases in greenhouse
gases over the most recent years has probably been growing
faster than the estimated cooling due to increases in aerosols (see
Section 12.2.3.3). Calculations of the difference in the rate of
warming between the Northern and Southern Hemispheres vary
between different climate models and as a function of time,
depending on the relative forcing due to greenhouse gases and
sulphate aerosols, and on the simulated rate of oceanic heat
uptake in the Southern Hemisphere (Santer el al., 1996b; Karoly
and Braganza, 2001).
Assessing statistical significance of changes in the vertical
patterns of temperature
There are some difficulties in assessing the statistical significance in detection studies based on changes in the vertical
temperature profile. First, the observational record is short, and
subject to error, particularly at upper levels (Chapter 2). Second,
the model estimates of variability may not be realistic (Section
12.2.2), particularly in the stratosphere. Third, because of data
and model limitations, the number of levels used to represent
the stratosphere in detection studies to date is small, and hence
may not be adequate to allow an accurate representation of the
stratospheric response. Fourth, all models produce a maximum
warming in the upper tropical troposphere that is not apparent
in the observations and whose impact on detection results is
difficult to quantify. Nevertheless, all the studies indicate that
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Box 12.1: Optimal detection
Optimal detection is a technique that may help to provide a clearer separation of a climate change fingerprint from natural internal
climate variations. The principle is sketched in Figure 12.B I, below (after Hasselmann, 1976).

Y

B
Bn
X

Suppose for simplicity that most of the natural variability can be described in terms of two modes (well-defined spatial patterns) of
variability. In the absence of climate change, the amplitudes of these two modes, plotted on a 2D diagram along OX and OY will
vary with time, and for a given fraction of occasions (usually chosen as 95 %), the amplitude of each mode will lie within the shaded
ellipse. Suppose we are attempting to detect a fingerprint that can be made up of a linear combination of the two patterns such that
it lies along OR. The signal to noise ratio is given by OB/OBn. Because our signal lies close to the direction of the main component
of variability, the signal to noise ratio is small. On the other hand, we can choose a direction OC that overlaps less with the main
component of natural variability such that the signal to noise ratio OC/OCn for the component of the signal that lies in direction
OC is larger even though the projected signal OC is smaller then the full signal OR. Optimal detection techniques merely choose
the direction OC that maximises the signal to noise ratio. This is equivalent to general linear regression (see Appendix 12.1). A good
estimate of natural internal variability is required to optimise effectively.

anthropogenic factors account for a significant part of recent
observed changes, whereas internal and naturally forced
variations alone, at least as simulated by current models, cannot
explain the observed changes. In addition, there are physical
arguments for attributing the changes in the vertical profile of
temperature to anthropogenic influence (Section 12.3.2).
12.4.3 Optimal Fingerprint Methods
The use of "optimal" techniques can increase the detectability
of forced climate changes. These techniques increase the
signal-to-noise ratio by looking at the component of the
response away from the direction of highest internal variability
(see, e.g., Hasselmann, 1979, 1997, 1993; North et at, 1995;
see also Box 12.1 on optimal detection and Appendix 12.1).
Several new approaches to the optimal detection of anthropogenic climate change have been undertaken since the SAR.
We focus on optimal detection studies that use a single pattern
of climate change in the following section. Attribution (see
Section 12.1.1), which requires us to consider several signals
simultaneously, will be considered in Sections 12.4.3.2 and
12.4.3.3.

12.4.3.1 Single patters studies
Since the SAR, optimal detection studies of surface temperature
have been extended (Heger) et at, 1997, 2000; Barnett et al.,
1999) and new studies of data other than surface air temperature
have been conducted (Allen and Tett, 1999; Paetb and Hense,
2001; Teti et al., 2000).
Surface temperature patterns

The Hegerl et at. (1996) optimal detection study was extended
to include more recent estimates of internal variability and
simulations with a representation of sulphate aerosols (Heger]
et at, 1997). As in the previous smdy, different control simulations were used to determine the optimal fingerprint and the
significance level of recent temperature change. The authors
find significant evidence for a "greenhouse gas plus sulphate
aerosol" (GS) fingerprint in the most recent observed 30-year
temperature trends regardless of whether internal variability is
estimated from models or observations. The 30-year trend
ending in the 1940s was found to be significantly larger than
expected from internal variability, but less so than the more
recent trends. This work has been extended to include other
models (Figure 12.10a; see also Barnett et at, 1999: Heger] et
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al., 2000), examining whether the amplitude of the 50-year
summer surface temperature trends in the GS simulations is
consistent with that estimated in the observations. In eleven out
of fourteen cases (seven models each evaluated using the fingerprints from the two original models), the model trends are consistent with observations. The greenhouse gas only simulations are
generally not consistent with observations, as their warming
trends are too large. Berliner et al. (2000) detect a combined
greenhouse gas and sulphate signal in a fixed pattern detection
study of temperature changes using Bayesian techniques.
Vertical patterns of temperature
Allen and Tett (1999) use optimal detection methods to study
the change in the vertical profile of zonal mean temperature
between t961 to 1980 and 1986 to 1995. Estimated signals
from ensemble AOGCM simulations with greenhouse gas alone
(G), greenhouse gas plus direct sulphate (GS), and also
including stratospheric ozone forcing (GSO; Tett et at, 1996)
are considered. The G and GSO signals are detected separately.
The amplitude of the GSO fingerprint estimated from observations is found to be consistent with that simulated by the model,
while the model-simulated response to greenhouse gases alone
was found to be unrealistically strong. The variance of the
residuals that remain after the estimated signal is removed from
the observations is consistent with internal variability estimated
from a control run.
Other climatic variables
Schnur (2001) applied the optimal detection technique to trends
in a variety of climate diagnostics. Changes in the annual mean
surface temperature were found to be highly significant (in
agreement with previous results from Hegerl et at, 1996, 1997).
The predicted change in the annual cycle of temperature as well
as winter means of diurnal temperature range can also be
detected in most recent observations. The changes are most
consistent with those expected from increasing greenhouse
gases and aerosols. However, changes in the annual mean and
annual cycle of precipitation were small and not significant.
Paeth and Hense (2001) applied a correlation method
related to the optimal fingerprint method to 20-year trends of
lower tropospheric mean temperature (between 500 and 1,000
hPa) in the summer half of the year in the Northern
Hemisphere north of 55°N. Greenhouse gas fingerprints from
two models were detected. The combined greenhouse gas plus
(direct) sulphate (CS) fingerprints from the two models were
not detected.
Summary
All new single-pattem studies published since the SAR detect
anthropogenic fingerprints in the global temperature observations, both at the surface and aloft. The signal amplitudes
estimated from observations and modelled amplitudes are
consistent at the surface if greenhouse gas and sulphate aerosol
forcing are taken into account, and in the free atmosphere if
ozone forcing is also included. Fingerprints based on smaller
areas or on other variables yield more ambiguous results at
present.
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12.4.3.2 Optimal detection studies that use multiple fixed signal
patterns
Surface temperature patterns
Hegerl et at (1997) applied a two-fingerprint approach, using a
greenhouse gas fingerprint and an additional sulphate aerosol
fingerprint that is made spatially independent (orthogonalised) of
the greenhouse fingerprint. They analysed 50-year trends in
observed northern summer temperatures. The influence of
greenhouse gas and sulphate aerosol signals were both detected
simultaneously in the observed pattern of 50-year temperature
trends, and the amplitudes of both signals were found to be
consistent between model and observations. Simulations forced
with greenhouse gases alone and solar irradiance changes alone
were not consistent with observations.
Hegerl et at (2000) repeated this analysis using parallel
simulations from a different climate model. The combined effect
of greenhouse gases and aerosols was still detectable and consistent with observations, but the separate influence of sulphate
aerosol forcing, as simulated by this second model, was not
detectable. This was because the sulphate response was weaker in
the second model, and closely resembled one of the main modes
of natural variability. Hence, the detection of the net anthropogenic signal is robust, but the detection of the sulphate aerosol
component is very sensitive to differences in model-simulated
responses.
As in the single-pattern case, this study has been extended to
include seven model GS simulations and to take into account
observational sampling error (Figure 12.10b,c, see also Barnett et
at, 1999; Heger] et at 2001). .4 simple linear transformation
allows results to be displayed in terms of individual greenhouse
and sulphate signal amplitudes, which assists comparison with
other results (see Figure 12.10; Hegert and Allen, 2000). The
amplitudes of the greenhouse gas and sulphate components are
simultaneously consistent with the observed amplitudes in 10 of
the fourteen GS cases (seven models for two sets of fingerprints)
displayed. This contrasts with eleven out of fourteen in the
combined amplitude test described in Section 12.4.3.1. If the trends
to 1995 we used (Figure 12.10c), the results are similar, though in
this case, the ellipse just includes the origin and six out of the
fourteen GS cases are consistent with observations. The inconsistency can be seen to be mainly due to large variations in the
amplitudes of the model-simulated responses to sulphate aerosols
(indicated by the vertical spread of results). Model-simulated
responses to greenhouse gases are generally more consistent both
with each other and with observations. Two of the cases of
disagreement are based on a single simulation rather than an
ensemble mean and should therefore be viewed with caution (see
Barnett et at, 2000). Barnett et at (1999) found that the degree of
agreement between the five models and observations they considered was similar, whether or not the global mean response was
removed from the patterns. Signal amplitudes from simulations
with greenhouse gas forcing only are generally inconsistent with
those estimated from observations (Figure 12.lOb,c).
In most of the cases presented here, the response to natural
forcings was neglected. In a similar analysis to that just
described, Hegerl et at (2000); see also Barnett et at, 1999) also
assessed simulations of the response to volcanic and solar
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forcing. They find, in agreement with Ten et at (1999), that them
is better agreement between observations and simulations when
these natural forcings are included, particularly in the early 20th
century, but that natural forcings alone cannot account for the
late-century warming.
In summary, the estimation of the contribution of individual
factors to recent climate change is highly model dependent,
primarily due to uncertainties in the forcing and response due to
sulphate aerosols. However, although the estimated amplitude
varies from study to study, all studies indicate a substantial
contribution from anthropogenic greenhouse gases to the changes
observed over the latter half of the 20th century.
Vertical patterns of temperature
Allen and Tett (1999) also used spatial fingerprints in the vertical
derived from simulations with greenhouse gas forcing alone and
simulations with greenhouse gas, sulphate aerosol and stratospheric ozone forcing. These authors show that, even if both
greenhouse and other anthropogenic signals are estimated
simultaneously in the observed record, a significant response to
greenhouse gases remains detectable. Hill et at (2001) extended
this analysis to include model-simulated responses to both solar
and volcanic forcing, and again found that the response to
greenhouse gases remains detectable. Results with non-optimised
fingerprints are consistent with the optimised case, but the
uncertainty range is larger.
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greenhouse gas, aerosol, solar and volcanic signals in decadal
mean data. Signals are fitted by general linear regression to
moving fifty-year intervals beginning with 1906 to 1956 and
ending 1946 to 1996. The signals are obtained from four
ensembles of transient change simulations, each using a different
historical forcing scenario. Greenhouse gas, greenhouse gas plus
direct sulphate aerosol, low frequency solar, and volcanic forcing
scenarios were used. Each ensemble contains four independent
simulations with the same transient forcing, 7ivo estimates of
natural variability, one used for optimisation and the other for the
estimation of confidence intervals, are obtained from separate
segments of a long control simulation.
Signal amplitudes estimated with multiple regression become
uncertain when the signals are strongly correlated ("degenerate").
Despite the problem of degeneracy, positive and significant
greenhouse gas and sulphate aerosol signals are consistently
detected in the most recent fifty-year period (Figure 12.11)
regardless of which or how many other signals are included in the
analysis (Allen et at, 2000a; Stott et al., 2001). The residual
variation that remains after removal of the signals is consistent
with the model's internal variability. In contrast, recent decadal
temperature changes are not consistent with the model's internal
climate variability alone, nor with any combination of internal
variability and naturally forced signals, even allowing for the
possibility of unknown processes amplifying the response to
natural forcing.

In summary, the fixed pattern studies indicate that the recent

Tett et al. (2000) have completed a study using a model with

warming is unlikely (bordering on very unlikely) to be due to
internal climate variability. A substantial response to anthro-

no flux adjustments, an interactive sulphur cycle, an explicit
representation of individual greenhouse gases and an explicit

pogenic greenhouse gases appears to be necessary to account for

treatment of scattering by aerosols. Two ensembles of four

recent temperature trends but the majority of studies indicate that
greenhouse gases alone do not appear to be able to provide a full

simulations for the instrumental period were run, one with natural

explanation. Inclusion of the response to the direct effect of
sulphate aerosols usually leads to a more satisfactory explanation

(solar and volcanic) forcing only and the other anthropogenic
(well-mixed greenhouse gases, ozone and direct and indirect

of the observed changes, although the amplitude of the sulphate

sulphate aerosol) foxing only (see Figure 12.4). They find a
substantial response to anthropogenic forcing is needed to

signal depends on the model used. These studies also provide

explain observed changes in recent decades, and that natural

some evidence that solar variations may have contributed to the

forcing may have contributed significantly to early 20th century

early century warming.

climate change. The best agreement between model simulations
and observations over the last 140 years has been found when all

12.4.3.3 Space-time studies
Here we consider studies that incorporate the time evolution of
forced signals into the optimal detection formalism. These
studies use evolving patterns of historical climate change in the
20th century that are obtained from climate models forced with
historical anthropogenic and natural forcing. Explicit representation of the time dimension of the signals yields a more powerful
approach for both detecting and attributing climate change (see
Hasselmann, 1993; North et at, 1995) since it helps to distinguish between responses to external forcings with similar spatial
patterns (e.g., solar and greenhouse gas forcing). The time
variations of the signals can be represented either directly in the
time domain or transformed to the frequency domain.

the above anthropogenic and natural forcing factors are included
(Stott et at, 2000b; Figure 12.7c). These results show that the
forcings included are sufficient to explain the observed changes,

Surface temperature
Tell et at (1999) and Stott et a!. (200)) describe a detection and
attribution study that uses the space-time approach (see Appendix
12.2). They estimate the magnitude of modelled 20th century

but do not exclude the possibility that other forcings may also
have contributed.

The detection of a response to solar forcing in the early part
of the century (1906 to 1956) is less robust and depends on the
details of the analysis. If seasonally stratified data are used (Stott
et at, 2001), the detection of a significant solar influence on
climate in the first half of the century becomes clearer with the
solar irradiance reconstruction of Hoyt and Schatten (1993), but
weaker with that from Lean et at (1995). Volcanism appears to
show only a small signal in recent decadal temperature trends and
could only be detected using either annual mean data or specifically chosen decades (Stott et at, 2001). The residual variability
that remains after the naturally forced signals are removed from
the observations of the most recent five decades are not consistent with model internal variability, suggesting that natural
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Figure 1210: Comparison between the amplitude of anthmpogenic signals from observed and modelled HA trend patterns using fingerprints from
two different climate models (ECHAM3/LSG and HadCM2) and data from five climate models. (a) Comparison of the amplitude of a single
greenhouse gas + sulphate aerosol (GS) signal (ezpressed as change in global mean temperature (°C] over 50 years). Results show that a significant
GS signal can be detected in observed trend patterns 1949 to 1998 at a 5% significance level (one-sided test), independent of which pair of fingerprints was used. The observed signal amplitude is consistent with contemporaneous GS amplitudes for most models' GS simulations. 90%
confidence intervals are shown by solid lines for estimates using ECHAM3/LSG fingerprints and by dashed lines for estimates based on HadCM2
fingerprints. Cases where a model's and the observed amplitude disagree are marked by a cross on the axis. (b) and (c) show an estimate of the
observed amplitude of a greenhouse gas signal (horizontal aids) and a sulphate aerosol signal (vertical axis) estimated simultaneously. Both signal
amplitudes can be estimated as positive from observations based on ECHAM3/LSG fingerprints shown in (b) while only the greenhouse gas signal
is detected based on HadCM2 fingerprints shown in panel (e).'Ihe amplitudes of both signals from the observations are compared with those from
model simulations forced with various forcing histories and using different climate models (1: HadCM2; 2: ECHAM3/LSG; 3: GFDL; 4:
ECHAM4/OPYC; 5: CCCmal; 6: CCCma2). Simulations with symbols shown in black are consistent with observations relative to the uncertainty
in observations (grey ellipse) and that of the model simulations (not shown). Simulations which an; inconsistent are shown in grey. Model simulations where only a single ensemble member is available are illustrated by thin symbols, those based on ensembles of simulations by fat symbols.
Results from consistency tests indicate that most greenhouse gas only simulations (G, shown by 'k) are inconsistent with observations. Ten of
the C,S simulations in both panels are in agreement with observed trend patterns, discrepancies arise mostly from the magnitude of a sulphate signal
(vertical axis). The failure to detect a sulphate signal as well as a greenhouse gas signal in panel (c) is due to the two signals being very highly
correlated if only spatial patterns are used- this makes separation of the signals difficult, These results show that estimates of a sulphate aerosol
signal from observations are model dependent and quite uncertain, while a single anthropogenic signal can be estimated with more confidence.
All units are in °050 year, values in the upper right quadrant refer to a physically meaningful greenhouse warming and sulphate aerosol cooling
signal, The consistency test establishes whether the difference between a model's and the observed amplitude estimate is significantly larger than the
combined uncertainty in the observations (internal variability + observational uncertainty) and the model simulation (intcrnal variability). The figure
is derived by updating the data used by Barnett er at. (1999) (for details of the analysis see Heger] et at, 2000) and then applying a simple linear
transformation of the multi-regression results (Hegcrl and Allen, 2000).
Results for 1946 to 1995 period used by Barnett el at (1999) are similar, except fewer of the models in b and c agree with observations and the
case of both signals being zero in c is not rejected. Simulations of natural forcing only ending before 1998 are also rejected in that case.
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forcing alone cannot explain the observed 20th century temperature variations. Note that Delworth and Knutson (2000) find one
out of five of their simulations with only anthropogenic forcing
can reproduce the early century global mean warming, including
the enhanced warming in Northern Hemisphere high latitudes.
Hence a substantial response to anthropogenic (specifically
greenhouse) forcing appears necessary to account for the
warming over the past 50 years, but it remains unclear whether
natural external forcings are necessary to explain the early 20th
century warming.
Sensitivity of results
A variety of sensitivity tests confirm that the detection of anthropogenic signals is insensitive to differences between solar forcing
reconstructions, the inclusion of additional forcing through the
specification of observed stratospheric ozone concentrations, and
to varying details of the analysis (including omitting the signalto-noise optimisation). Ten et at (1999, 2000) also found that
detection of an anthropogenic signal continues to hold even when
the standard deviation of the control simulation is inflated by a
factor of two. Uncertainty in the signals is unavoidable when
ensembles are small, as is the case in Tettetal (1999), and biases
the estimates of the signal amplitudes towards zero. Consistent
results are obtained when this source of uncertainty is taken into
account (Allen and Stott, 2000; Stott et al., 200(la). However
amplitude estimates become more uncertain, particularly if the
underlying signal is small compared with internal climate
variability. Accounting for sampling uncertainty in modelsimulated signals indicates a greater degree of greenhouse
warming and compensating aerosol cooling in the latter part of
the century than shown by Tett et at (1999). Gillett et at (2000b)
find that discounting the temperature changes associated with
changes in the Arctic Oscillation (Thompson and Wallace, 1998;
Thompson et at, 2000), which are not simulated by the model,
does not significantly alter the Tett et at (1999) results.
Confidence intervals and scaling factors
Confidence intervals for the signal amplitudes that are obtained
from the regression of modelled signals onto observations can be
re-expressed as ranges of scaling factors that are required to make
modelled signal amplitudes consistent with those estimated from
observations (see, e.g., Allen and Tent, 1999). The results show
that the range of scaling factors includes unity (i.e., model is
consistent with observations) for both the greenhouse gas and the
sulphate aerosol signal, and that the scaling factors vary only to a
reasonable (and consistent) extent between 50-year intervals.
The scaling factors can also be used to estimate the contribution from anthropogenic factors other than well-mixed
greenbouse gases. Using the methodology of Allen and Stott
(2000) on the simulations described by Tett et at (2000), the S to
95% uncertainty range for scaling the combined response
changes in tropospheric ozone and direct and indirect sulphate
forcing over the last fifty years is 0.6 to 1.6. The simulated
indirect effect of aerosol forcing is by far the biggest contributor
to this signal. Ignoring the possible effects of neglected forcings
and assuming that the forcing can be scaled in the same way as
the response, this translates to a-0.5 to -1.5 Wm 2 change in

725

forcing due to the indirect effect since pre-industrial times. This
range lies well within that given in Chapter 6 but the limits
obtained are sensitive to the model used. Note that large values of
the indirect response are consistently associated with a greater
sensitivity to greenhouse gases. This would increase this model's
estimate of future warming: a large indirect effect coupled with
decreases in sulphate emissions would further enhance future
warming (Allen et at, 2000b).
Allen et at. (2000a) have determined scaling factors from
other model simulations (Figure 12.12) and found that the
modelled response to the combination of greenhouse gas and
sulphate aerosol forcing is consistent with that observed. The
scaling factors ranging from 0.8 to 1.2 and the corresponding
95% confidence intervals cover the range 0.5 to 1.6. Scaling
factors for 50-year JJA trends are also easily derived from the
results published in Hegerl et at (2000). The resulting range of
factors is consistent with that of Allen et at (2000a), but wider
because the diagnostic used in Allen et at. (2000b) enhances the
signal-to-noise ratio. If it is assumed that the combination of
greenhouse warming and sulphate cooling simulated by these
AOGCMs is the only significant external contributor to interdecadal near-surface temperature changes over the latter half of
the 20th century, then Allen et at (2000a) estimate that the
anthropogenic warming over the last 50 years is 0.05 to
0.11°C/decade. Making a similar assumption, Hegerl et at.
(2000) estimate 0.02 to 0.12°Gdecade with a best guess of 0.06
to 0.08°C/decade (model dependent, Figure 12.10). The
smallness of the rangc of uncertainty comparad with the observed
change indicates that natural internal variability alone is unlikely
(bordering on very unlikely) to account for the observed
warming.
Given the uncertainties in sulphate aerosol and natural
forcings and responses, these single-pattern confidence intervals
give an incomplete picture. We cannot assume that the response
to sulphate forcing (relative to the greenhouse signal) is as
simulated in these greenhouse-plus-sulphate simulations; nor can
we assume the net response to natural forcing is negligible even
though observations of surface temperature changes over the past
30 to 50 years are generally consistent with both these assumptions. Hence we need also to consider uncertainty ranges based
on estimating several signals simultaneously (Figure 12.12, right
hand panels). These are generally larger than the single-signal
estimates because we are attempting to estimate more information from the same amount of data (Tett et at, 1999; Allen and
Stott, 2000; Allen et at., 2000a). Nevertheless, the conclusion of
a substantial greenhouse contribution to the recent observed
warming trend is unchanged.
Estimation of uncertainty in predictions
The scaling factors derived from optimal detection can also be
used to constrain predictions of future climate change resulting
from anthropogenic emissions (Allen et at, 2000b). The best
guess scaling and uncertainty limits for each component can be
applied to the model predictions, providing objective uncertainty
limits that are based on observations. These estimates are
independent of possible errors in the individual model's climate
sensitivity and time-scale of oceanic adjustment, provided these
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Figure 12.11: Best-estimate contributions to
global mean temperature change.
Reconstruction of temperature variations for
1906 to 1956 (a and b) and 1946 to 1995 (c
and d) for G and S (a and c) and GS and
SOL (b and d). (G denotes the estimated
greenhouse gas signal, S the estimated
sulphate aerosol signal, GS the greenhouse
gas / aerosol signal obtained from simulations
with combined forcing. SOL the solar
signal). Observed (thick black), best fit (dark
grey dashed), and the uncertainty range due
to internal variability (grey shading) are
shown in all plots. (a) and (c) show contributions from GS (orange) and SOL (blue). (b)
and (d) show contributions from G(red) and
S (green). All time-series were reconstructed
with data in which the 50-year mean had first
been removed. (Tett et al., 1999).
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errors are persistent over time. An example based on the IS92a
(IPCC, 1992) GS scenario (whose exact forcing varies between
models, we Chapter 9, Table 9.1 for details) is shown in figure
12.13 based on a limited number of model simulations. Note that
in each case, the original warming predicted by the model lies in
the range consistent with the observations. A rate of warming of
0.1 to 0.2°C/decade is likely over the first few decades of the 21st
century under this scenario. Allen et at. (2000b) quote a 5 to 95%
("very likely") uncertainty range of 0.11 to 0.24°C/decade for the
decades 1996 to 2046 under the IS92a scenario, but, given the
uncertainties and assumptions behind their analysis, the more
cautious "likely" qualifier is used here. For comparison, the
simple model tuned to the results of seven AOGCMs used for
projections in Chapter 9 gives a range of 0.12 to 012'C/decade
under the IS92a scenario, although it should be noted that this
similarity may reflect some cancellation of errors and equally
good agreement between the two approaches should not be
expectedSor all scenarios, nor for time-scales longer than the few

decades for which the Allen et al. (2000b) approach is valid.
Figure 12.13 also shows that a similar range of uncertainty is
obtained if the greenhouse gas and sulphate components are
estimated separately, in which case the estimate of future
warming for this panicular scenario is independent of possible
errors in the amplitude of the sulphate forcing and response. Most
of the recent emission scenarios indicate that future sulphate
emissions will decrease rather than increase in the near future.
This would lead to a larger global warming since the greenhouse
gas component would no longer be reduced by sulphate forcing at
the same rate as in the past. The level of uncertainty also increases
(see Allen el al., 2000b). The final error bar in Figure 12.13 shows
that including the model-simulated response to natural forcing
over the 20th century into the analysis has little impact on the
estimated anthropogenic warming in the 21 st century.
It must be stressed that the approach illustrated in Figure
12.13 only addresses the issue of uncertainty in the large-scale
climate response to a particular scenario of future greenhouse gas
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Figure 12.12: (a) Estimates of the "scaling factors" by which we have to multiply the amplitude of several model-simulated signals to reproduce
the corresponding changes in the observed record. The vertical bars indicate the 5 to 95R, uncertainty range due to internal variability. A range
encompassing unity implies that this combination of forcing amplitude and model-simulated response is consistent with the corresponding
observed change, while a range encompassing zero implies that this model-simulated signal is not detectable (Allen and Stoll, 20DD; Stan er at.,
2000a). Signals are defined as the ensemble man response to external forcing expressed in large-scale (>5000 krn) near-surface temperatures over
the 1946 to 1996 period relative to the 1896 to 1996 mean. The first entry (G) shows the scaling factor and 5 to 95% confidence interval obtained
if we assume the observations consist only of a response to greenhouse gases plus internal variability. The range is significantly less than one
(consistent with results from other models), meaning that models forced with greenhouse gases alone signifrcanlly overpredict the observed
warming signal. The next eight entries show scaling factors for model-simulated responses to greenhouse and sulphate forcing (GS), with two
cases including indiroct sulphate and tropospheric ozone forcing, one of these also including stratospheric ozone depletion (GSI and GSIO respectively). All but one (CGCM1) of these ranges is consistent with unity. Hence there is little evidence that models are systematically over- or underpredicting the amplitude of the observed response under the assumption that model-simulated GS signals and internal variability are an adequate
representation (i.e. that natural forcing has had little net impact on this diagnostic). Observed residual variability is consistent with this assumption
in all but one case (ECHAM3, indicated by the asterisk). We are obliged to make this assumption to include models for which only a simulation
of the anthropogenic response is available, but uncertainty estimates in these single-signal cases are incomplete since they do not account for
uncertainty in the naturally forced response. These ranges indicate, however, the high level of confidence with which we can reject internal
variability as simulated by these various models as an explanation of recent near-surface temperature change.
A more complete uncertainty analysis is provided by the next three entries, which show corresponding scaling factors on individual
greenhouse (G), sulphate (S), solar-plus-volcanic (N). solar-only (So) and volcanic-only (V) signals for those cases in which the relevant simulations have been performed. In these cases, we estimate multiple factors simultaneously to account for uncertainty in the amplitude of the naturally
forced response. The uncertainties increase but the greenhouse signal remains consistently detectable. In one case (ECIIAM3) the model appears
to be overestimating the greenhouse response (scaling range in the G signal inconsistent with unity), but this result is sensitive to which
component of the control is used to define the detection space. It is also not known how it would respond to the inclusion of a volcanic signal. In
cases where both solar and volcanic forcing is included (HadCM2 and HadCM3), G and S signals remain detectable and consistent with unity
independent of whether natural signals are estimated jointly or separately (allowing for different errors in S and V responses). (b) Estimated
contributions to global mean warming over the 20th century, based on the results shown in (a), with 5 to 95% confidence intervals. Although the
estimates vary depending on which model's signal and what forcing is assumed, and are less certain if more than one signal is estimated, all show
a significant contribution from anthropogenic climate change to 20th century warming (from Allen et at, 2000a).

concentrations. This is only one of many interlinked uncertainties
in the climate projection problem, as illustrated in Chapter 13,
Figure 13.2. Research efforts to attach probabilities to climate
projections and scenarios are explored in Chapter 13, Section
13.5.2.3.
Forest et al. (2000) used simulations with an intermediate
complexity climate model in a related approach. They used
optimal detection results following the procedure of Allen and
Tett ( 1999) to rule out combinations of model parameters that
yield simulations that are not consistent with observations. They
find that low values of the climate sensitivity (<I°C) are consistently ruled out, but the upper bound on climate sensitivity and
the rate of ocean heat uptake remain very uncertain.
Other space-time approaches
North and Stevens ( 1998) use a space-frequency method that is
closely related to the space-time approach used in the studies
discussed above (see Appendix 12.2). They analyse 100-year

surface temperature time-series of grid box mean surface
temperatures in a global network of thirty six large (l0°xl0')
grid boxes for greenhouse gas, sulphate aerosol, volcanic and
solar cycle signals in the frequency band with periods between
about 8 and 17 years. The signal patterns were derived from
simulations with an EBM (see Section 12.2.3). The authors
found highly significant responses to greenhouse gas, sulphate
aerosol, and volcanic forcing in the observations. Some
uncertainty in their conclusions arises from model uncertainty
(see discussion in Section 12.2.3) and from the use of control
simulations from older AOGCMs, which had relatively low
variability, for the estimation of internal climate variability.
A number of papers extend and analyse the North and
Stevens ( 1998) approach. Kim and Wu (2000) extend the
methodology to data with higher (monthly) time resolution
and demonstrate that this may improve the detectability of
climate change signals. Leroy ( 1998) casts the results from
North and Stevens (1998) in a Bayesian framework. North and
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Figure 12.13: Global mean temperature in the decade 2036 to 2046
(relative to pre-industrial, in response to greenhouse gas and sulphate
aerosol forcing following the IS92a (IPCC, 1992) scenario), based on
original model simulations (squares) and after scaling to fit the
observed signal as in Figure 12.12(a) (diamonds), with 5 to 95%
confidence intervals. While the original projections vary (depending,
for example, on each model's climate sensitivity), the scale should be
independent of errors in both sensitivity and rate of oceanic heat
uptake, provided these errors are persistent over time. OS indicates
combined greenhouse and sulphate forcing. G shows the impact of
setting the sulphate forcing to zero but correcting the response to be
consistent with observed 20th century climate change. G&S indicates
greenhouse and sulphate responses estimated sep,uately (in which
case the result is also approximately independent, under this forcing
scenario, to persistent errors in the sulphate forcing and response)
and G&S&N indicates greenhou.se, sulphate and natural responses
estimated separately (showing the small impact of natural forcing on
the diagnostic used for this analysis). (From Allen et al., 2000b.)

Wu (2001) modified the method to perform space-time (rather
than space-frequency) detection in the 100-year record. Their
results are broadly similar to those of Tett et at, (1999), Stott
er at (2001) and North and Stevens (1998). However, their
best guess includes a small sulphate aerosol signal countered
by a relatively small, but highly significant, greenhouse gas
signal.
All of the space-time and space frequency optimal
detection studies to date indicate a discernible human
influence on global climate and yield better-constrained
estimates of the magnitude of anthropogenic signals than
approaches using spatial information alone. In particular, the
inclusion of temporal information can reduce the degeneracy
that may occur when more than one climate signal is included.
Thus, results from time-space methods generally detect
anthropogenic signals even if natural forcings are estimated
simultaneously and show that the combination of natural
signals and internal variability is inconsistent with the
observed surface temperature record.
12.4.3.4 Summary of optimal fingerprinting studies
Results from optimal fingerprint methods indicate a
discernible human influence on climate in temperature
observations at the surface and aloft and over a range of
applications. These methods can also provide a quantitative

estimate of the magnitude of this influence. The use of a
number of forced climate signals, and the extensive treatment
of various (but not all) sources of uncertainty increases our
confidence that a considerable part of the recent warming can
be attributed to anthropogenic influences. The estimated
signals and scaling factors remain subject to the considerable
uncertainty in our knowledge of historic climate forcing from
sources other than greenhouse gases. While estimates of the
amplitude of a single anthropogenic signal are quite consistent
between different model signals (see Figures 12.10, 12.12)
and different approaches, joint estimates of the amplitude of
several signals vary between models and approaches. Thus
quantitative separation of the observed warming into anthropogenic and naturally forced components requires considerable caution. Nonetheless, all recent studies reject natural
forcing and internal variability alone as a possible explanation
of recent climate change. Analyses based on a single anthropogenic signal focusing on continental and global scales
indicate that:
• Changes over the past 30 to 50 years are very unlikely to be
due to internal variability as simulated by current models.
• The combined response to greenhouse and sulphate forcing
is more consistent with the observed record than the
response to greenhouse gases alone.
• Inclusion of the simulated response to stratospheric ozone
depletion improves the simulation of the vertical structure of
the response.
Analyses based on multiple anthropogenic and natural signals
indicate that,
• The combination of natural external forcing (solar and
volcanic) and internal variability is unlikely to account for
the spatio-temporal pattern of change over the past 30 to 50
years, even allowing for possible amplification of the
amplitude of natural responses by unknown feedback
processes.
• Anthropogenic greenhouse gases are likely to have made a
significant and substantial contribution to the warming
observed over the second half of the 20th century, possibly
larger than the total observed warming.
• The contribution from anthropogenic sulphate aerosols is
less clear, but appears to lie in a range broadly consistent
with the spread of current model simulations. A high
sulphate aerosol forcing is consistently associated with a
stronger response to greenhouse forcing.
• Natural external forcing may have contributed to the
warming that occurred in the early 20th century.
Results based on variables other than continental and global
scale temperature are more ambiguous.
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12.5 Remaining Uncertainties
The SAR identified a number of factors that limited the degree to
which any human influence on climate could be quantified. It
was noted that detection and attribution of anthropogenic climate
change signals would be accomplished through a gradual
accumulation of evidence, and that there were appreciable
uncertainties in the magnitude and patterns of natural variability,
and in the radiative forcing and climate response resulting from
human activity.
The SAR predicted an increase in the anthropogenic contribution to global mean temperature of slightly over 0.1°C in the
five years following the SAR, which is consistent with the
observed change since the SAR (Chapter 2). The predicted
increase in the anthropogenic signal (and the observed change)
are small compared to natural variability, so it is not possible to
distinguish an anthropogenic signal from natural variability on
five year time-scales.
Differences in surface and free atmosphere temperature trends
There are unresolved differences between the observed and
modelled temperature variations in the free atmosphere. These
include apparent changes in the temperature difference between
the surface and the lower atmosphere, and differences in the
tropical upper troposphere. While model simulations of largescale changes in free atmospheric and surface temperatures aric
generally consistent with the observed changes, simulated and
observed trends in troposphere minus surface temperature differences are not consistent. It is not clear whether this is due to
model or observational error, or neglected forcings in the models.

Internal climate variability
The precise magnitude of natural internal climate variability
remains uncertain. The amplitude of internal variability in the
models most often used in detection studies differs by up to a
factor of two from that seen in the instrumental temperature
record on annual to decadal time-scales, with some models
showing similar or larger variability than observed (Section 12.2;
Chapter 8). However, the instrumental record is only marginally
useful for validating model estimates of variability on the multidecadal time-scales that are relevant for detection. Some palaeoclimatic reconstructions of temperature suggest that multidecadal variability in the pre-industrial era was higher than that
generated internally by models (Section 12.2; Chapter 8).
However, apart from the difficulties inherent in reconstructing
temperature accurately from proxy data, the palaeoclimatic
record also includes the climatic response to natural forcings
arising, for example, from variations in solar output and volcanic
activity. Including the estimated forcing due to natural factors
increases the longer-term variability simulated by models, while
eliminating the response to external forcing from the palaeorecord brings palaeo-variability estimates closer to model-based
estimates (Crowley, 2000).
Natural forcing
Estimates of natural forcing have now been included in simulations over the period of the instrumental temperature record.
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Natural climate variability (forced and/or internally generated) on
its own is generally insufficient to explain the observed changes
in temperature over the last few decades. However, for all but the
most recent two decades, the accuracy of the estimates of forcing
may be limited, being based entirely on proxy data for solar
irradiance and on limited surface data for volcanoes. There are
some indications that solar irradiance fluctuations have indirect
effects in addition to direct radiative heating, for example due to
the substantially stronger variation in the UV band and its effect
on ozone, or hypothesised changes in cloud cover (see Chapter
6). These mechanisms remain particularly uncertain and
currently are not incorporated in most efforts to simulate the
climate effect of solar irradiance variations, as no quantitative
estimates of their magnitude are currently available.
Anthropogenic forcing
The representation of greenhouse gases and the effect of sulphate
aerosols has been improved in models. However, some of the
smaller forcings, including those due to biomass burning and
changes in land use, have not been taken into account in formal
detection studies. The major uncertainty in anthropogenic forcing
arises from the indirect effects of aerosols. The global mean
forcing is highly uncertain (Chapter 6, Figure 6.8). The estimated
forcing patterns vary from a predominantly Northern Hemisphere
forcing similar to that due to direct aerosol effects (Test et at.,
2000) to a more globally uniform distribution, similar but
opposite in sign to that associated with changes in greenhouse
gases (Roeckner et al., 1999). If the response to indirect forcing
has a component which can be represented as a linear combination of the response to greenhouse gases and to the direct forcing
by aerosols, it will influence amplitudes of the responses to these
two factors estimated through optimal detection.
Estimates of response pattems
Finally, there remains considerable uncertainty in the amplitude
and pattern of the climate response to changes in radiative forcing.
The large uncertainty in climate sensitivity, 1.5 to 4.5°C for a
doubling of atmospheric carbon dioxide, has not been reduced
since the SAR, nor is it likely to be reduced in the near future by
the evidence provided by the surface temperature signal alone. In
contrast, the emerging signal provides a relatively strong
constraint on forecast transient climate change under some
emission scenarios. Some techniques can allow for errors in the
magnitude of the simulated global mean response in attribution
studies. As noted in Section 12.2, there is greater pattern similarity
between simulations of greenhouse gases alone, and of
greenhouse gases and aerosols using the same model, than
between simulations of the response to the same change in
greenhouse gases using different models. This leads to some
inconsistency in the estimation of the separate greenhouse gas and
aerosol components using different models (see Section 12.4.3).

In summary, some progress has been made in reducing
uncertainty, particularly with respect to distinguishing the
responses to different external influences using multi-pattern
techniques and in quantifying the magnitude of the modelled and
observed responses. Nevertheless, many of the sources of
uncertainty identified in the SAR still remain.
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12.6 Concluding Remarks
In the previous sections, we have evaluated the different lines of
evidence on the causes of recent climate change. Here, we
summarise briefly the arguments that lead to our final assessment. The reader is referred to the earlier sections for more detail.
20th century climate was unusual.
Palaeoclimatic reconstructions for the last 1,000 years (e.g.,
Chapter 2, Figure 2.21) indicate that the 20th century warming is
highly unusual, even taking into account the large uncertainties in
these reconstructions.
The observed warming is inconsistent with model estimates of
natural internal climate variability.
While these estimates vary substantially, on the annual to decadal
time-scale they are similar, and in some cases larger, than
obtained from observations. Estimates from models and observations are uncertain on the multi-decadal and longer time-scales
required for detection. Nonetheless, conclusions on the detection
of an anthropogenic signal are insensitive to the model used to
estimate internal variability. Recent observed changes cannot be
accounted for as pure internal variability even if the amplitude of
simulated internal variations is increased by a factor of two or
more. It is therefore unlikely (bordering on very unlikely) that
natural internal variability alone can explain the changes in
global climate over the 20th century (e.g., Figure 12.1).
The observed warming in the latter half of the 20th century
appears to be inconsistent with natural external (solar and
volcanic) forcing of the climate system.
Although there are measurements of these forcings over the last
two decades, estimates prior to that are uncertain, as the volcanic
forcing is based on limited measurements, and the solar forcing
is based entirely on proxy data. However, the overall trend in
natural forcing over the last two, and perhaps four, decades of the
20th century is likely to have been small or negative (Chapter
6,Table 6.13) and so is unlikely to explain the increased rate of
global warming since the middle of the 20th centuryThe observed change in patterns of atmospheric temperature in
the vertical is inconsistent with natural forcing.
The increase in volcanic activity during the past two to four
decades would, if anything, produce tropospheric cooling and
stratospheric warming, the reverse to what has occurred over this
period (e.g., Figure 12.8). Increases in solar irradiance could
account for some of the observed tropospheric warming, but
mechanisms by which this could cool the stratosphere (e.g.,
through changes in stratospheric ozone) remain speculative.
Observed increases in stratospheric water vapour might also
account for some of the observed stratospheric cooling.
Estimated changes in solar radiative forcing over the 20th century
are substantially smaller than those due to greenhouse gas
forcing, unless mechanisms exist which enhance the effects of
solar radiation changes at the ground. Palaeo-data show little
evidence of such an enhancement at the surface in the past.
Simulations based solely on the response to natural forcing (e.g.,
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Figure 12.7a) are inconsistent with the observed climate record
even if the model-simulated response is allowed to scale up or
down to match the observations. It is therefore unlikely that
natural forcing and internal variability together can explain the
instrumental temperature record.
Anthropogenic factors do provide an explanation of 20th century
temperature change.
All models produce a response pattern to combined greenhouse
gas and sulphate aerosol forcing that is detectable in the 20th
century surface temperature record (e.g., Figures 12.10, 12,12
(one model produces an estimate of internal variability which is
not consistent with that observed)). Given that sulphate aerosol
forcing is negative, and hence tends to reduce the response,
detection of the response to the combined forcing indicates the
presence of a greenhouse gas signal that is at least as large as the
combined signal.
The effect of anthropogenic greenhouse gases is detected, despite
uncertainties in sulphate aerosol forcing and response.
The analysis used to derive Figures 12.10a and 12.12, left box,
assumes that the ratio of the greenhouse gas and sulphate aerosol
responses in each model is correct. Give.n. the ur.certai..ry in
sulphate aerosol forcing, this may not be the case. Hence one must
also consider the separate responses to greenhouse gases and
aerosols simultaneously. A greenhouse gas signal is consistently
detected in the observations (e.g., Figure 12.10b,c, Figure 12.12
right hand boxes; North and Wu, 2001; Teti et at 2000). The
greenhouse gas responses am consistent with the observations in all
but one case. The two component studies all indicate a substantial
detectable greenhouse gas signal, despite uncertainties in aemsol
forcing. The spread of estimates of the sulphate signal emphasises
the uncertainty in sulphate aerosol forcing and response.
It is unlikely that detection studies have mistaken a natural signal
for an anthropogertic signal.
In order to demonstrate an anthropogenic contribution to climate,
it is necessary to rate out the possibility that the detection
procedure has mistaken part or all of a natural signal for an
anthropogenic change. On physical grounds, natural forcing is
unlikely to account completely for the observed warming over
the last three to five decades, given that it is likely that the overall
trend in natural forcing over most of the 20th century is small or
negative. Several studies have involved three or more
components - the responses to greenhouse gases, sulphate
aerosols and natural (solar, volcanic or volcanic and solar)
forcing. These studies all detect a substantial greenhouse gas
contribution over the last fifty years, though in one case the
estimated greenhouse gas amplitude is inconsistent with observations. Thus it is unlikely that we have misidentified the solar
signal completely as a greenhouse gas response, but uncertainty
in the amplitude of the response to natural forcing continues to
contribute to uncertainty in the size of the anthropogenic signal.
The detection methods used should not be sensitive to errors in the
amplitude of the global mean fonring or response.
Signal estimation methods (e.g., Figures 12.10, 12.11 and 12.12)
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allow for errors in the amplitude of the response, so the results
should not be sensitive to errors in the magnitude of the forcing or
the magnitude of the simulated model response. This would
reduce the impact of uncertainty in indirect sulphate forcing on the
estimated greenhouse and net sulphate signal amplitudes, to the
extent that the pattern of response to indirect sulphate forcing
resembles the pattern of response to direct sulphate forcing. Some
models indicate this is may be the case, others do not, so this
remains an important source of uncertainty. Note that if the spatiotemporal pattern of response to indirect sulphate forcing were to
resemble the greenhouse response, it would lead to the amplitude
of the greenhouse response being underestimated in cases where
indirect sulphate forcing has not been included in the model.
Detection and attribution results are also expected to be insensitive
to all but the largest scale details of radiative forcing patterns.
Detection is only possible at the largest spatial scales (e.g., Stott
and Teri, 1998). In addition, atmospheric motions and large-scale
feedbacks smooth out the response. All these arguments tend to
reduce the impact of the large uncertainty in the magnitude of the
forcing due to indirect sulphate aerosols. The inclusion of forcing
from additional aerosols (see Chapter 6) is unlikely to alter our
conclusion concerning the detection of a substantial greenhouse
gas signal, though it is likely to affect estimates of the sulphate
aerosol response. This is because part of the response to sulphate
aerosols can be considered as surrogate for other aerosols, even
though the patterns of forcing and response may differ on smaller
scales. In general, the estimates of global mean forcing for other
neglected factors are small (see Chapter 6, Figure 6.6).
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Observed and simulated vertical lapse rate changes are inconsistent over the last two decades, but there is an antlrropogenic
influence on tropospheric temperatures over a longer period
Over the last twenty years, the observed warming trend in the
lower troposphere has been smaller than at the surface. This
contrasts with model simulations of the response to anthropogenic greenhouse gases and sulphate aerosols. Natural climate
variability and the influence of natural external forcing, such as
volcanism, can explain part of this difference. However, a
discrepancy remains that cannot be accounted for with current
climate models. The reduced warming in the lower troposphere
does not, however, call into question the fact that the surface
temperature has been warming over the satellite period (e.g.,
National Academy of Sciences, 2000). Over the longer period for
which radiosonde data are available, an anthropogenic influence
due to increasing greenhouse gases and decreasing stratospheric
ozone is detected in all studies.
Natural factors may have contributed to the early century
warming.
Most of the discussion in this section has been concerned with
evidence relating to a human effect on late 20th century climate.
The observed global mean surface temperature record shows two
main periods of warming. Some studies detect a solar influence
on surface temperature over the first five decades of the century,
with perhaps a small additional warming due to increases in
greenhouse gases. One study suggests that the early warming
could be due to a combination of anthropogenic effects and a
highly unusual internal variation. Thus the early century warming

Studies of the changes in the vertical patterns of temperature also
indicate that there has been an anthropogenic influence on

could be due to some combination of natural internal variability,
changes in solar irradiance and some anthropogenic influence.

climate over the last 35 years.

The additional warming in the second half-century is most likely

One study finds that even when changes in stmtospberic ozone
and solar irradiance are taken into account, there is a detectable
greenhouse gas signal in the vertical temperature record.

to be due to a substantial warming due to increases in greenhouse
gases, partially offset by cooling due to aerosols, and perhaps by
cooling due to natural factors towards the end of the period.
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Appendix 12.1; Optimal Detection is Regression
The detection technique that has been used in most "optimal
detection" studies performed to date has several equivalent
representations (Hegerl and North, 1997; Zwiers, 1999). It has
recently been recognised that it can be cast as a multiple regression problem with respect to generalised least squares (Allen and
Tett, 1999; see also Hasselmann, 1993, 1997) in which a field of
n"observations" y is represented as a linear combination of
signal patterns gi,...,g,,, plus noise u

y=Imtaig; +u=Ga+u

(A12.1.1)

where G=(g, I...Ig,,) is the matrix composed of the signal patterns
and a=(at,._,am)r is the vector composed of the unknown
amplitudes. The field usually contains temperature observations,
arrayed in space, either at the surface as grid box averages of
surface temperature observations (typically 5)<5 degrees; Sauter
et at, 1995; Hegerl et at, 1997; Tett et at, 1999), or in the
vertical as zonal averages of radiosonde observations (Karoly et
at, 1994; Santer et at, 1996a; Allen and Tett, 1999). The fields
are masked so that they represent only those regions with
adequate data. The fields may also have a time dimension (Allen
and Tett, 1999; North and Stevens; 1998; Stevens and North,
1996). Regardless of how the field is defined, its dimension n(the
total number of observed values contained in any one single
realisation of the field) is large. The signal patterns, which are
obtained from climate models, and the residual noise field, have
the same dimension. The procedure consists of efficiently
estimating the unknown amplitudes a from observations and
testing the null hypotheses that they are zero. In the event of
rejection, testing the hypothesis that the amplitudes are unity for
some combination of signals performs the attribution consistency
test. This assumes, of course, that the climate model signal
patterns have been normatised. When the signal is noise-free,
estimates of the amplitudes are given by

a =(GrCuuG)-tGrCe.,ty

(A12.1.2)

where Cyn is the nxn covariance matrix of the noise
(Hasselmann, 1997, 1998; Allen and Tett, 1999; Levine and
Berliner, 1999). Generalisations allow for the incorporation of
signal uncertainties (see, for example, Allen et at, 2000b). A
schematic two-dimensional example is given in Box 12.1. In
essence, the amplitudes are estimated by giving somewhat
greater weight to information in the low variance parts of the
field of observations. The uncertainty of this estimate,
expressed as the mxrn covariance matrix of C. of a, is given
by

C..=(l'TrCwG)-t

(A12.1.3)

This leads to a(I-a)x100'$o confidence ellipsoid for the unknown
amplitudes when u is the multivariate Gaussian that is given by

(a-a)rGrC.'G(a-a)<-x,

(A12.1.4)

where X2. is the (1-at) critical value of the chi-squared distribution with in degrees of freedom. Marginal confidence ellipsoids
can be constructed for subsets of signals simply by removing the
appropriate rows and columns from GTCoG and reducing the
number of degrees of freedom. The marginal (I-a)x100%
confidence interval for the amplitude of signal i(i.e., the
confidence interval that would be obtained in the absence of
information about the other signals) is given by
a;-Zt-ar2(GTC^;,ri);; Sa; <a;+Zt-an(GrCwG);; (A72.1_5)
where Z, is the ( 1-od2) critical value for the standard normal
distribution. Signal i is said to be detected at the nJ2xl00% significance level if the lower limit confidence interval (A12.1.5) is
greater than zero. However, "multiplicity" is a concern when
making inferences in this way. For example, two signals that are
detected at the t>J2x100% significance level may not be jointly
detectable at this level. The attribution consistency test is passed
when the confidence ellipsoid contains the vector of units ( 1,...,1)T.
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Appendix 12.2: Three Approaches to Optimal Detection
Optimal detection studies come in several variants depending
upon how the time evolution of signal amplitude and structure is
treated.
Fixed pattern studies (Hegerl et at, 1996; 1997, 2000a; Berliner
er at, 2000; Schnur, 2001) assume that the spatial structure of
the signals does not change during the epoch covered by the
instrumental record. This type of study searches for evidence
that the amplitudes of fixed anthropogenic signals are increasing
with time. The observed field y=y(t) that appears on the left hand
side of equation (A12.1.1) is typically a field of 30 to 50-year
moving window trends computed from annual mean observations. The regression equation (A12.1.1) is solved repeatedly
with a fixed signal matrix G as the moving 30 to 50-year
window is stepped through the available record.
Studies with rime-varying patterns allow the shape of the
signals, as well as their amplitudes, to evolve with time. Such
studies come in two flavours.
The space-time approach uses enlarged signal vectors that
consist of a sequence of spatial patterns representing the
evolution of the signal through a short epoch. For example, Tett
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similarly as extended vectors containing a sequence of observed
decadal mean temperature patterns. As with the fixed pattern
approach, a separate model is fitted for each 5-decade window
so that the evolution of the signal amplitudes can be studied.
The .space frequency approach (North et at, 1995) uses annual
mean signal patterns that evolve throughout the analysis period.
A Fourier transform is used to map the temporal variation of
each signal into the frequency domain. Only the low-frequency
Fourier coefficients representing decadal-scale variability are
retained and gathered into a signal vector. The observations are
similarly transformed. The selection of time-scales that is
effected by retaining only certain Fourier coefficients is a form
of dimension reduction (see Dimension Reduction, Appendix
12.4) in the time domain. This is coupled with spatial dimension
reduction that must also be performed. The result approximates
the dimension reduction that is obtained by projecting observations in space and time on low order space-time EOFs (North et
at, 1995). A further variation on this theme is obtained by
increasing the time resolution of the signals and the data by
using monthly rather than annual means. Climate statistics,
including means, variances and covariances, have annual cycles
at this time resolution, and thus dimension reduction must be
performed with cyclo-stationary space-time EOFs (Kim and Wu,
2000).

et at (1999) use signal vectors composed of five spatial patterns
representing a sequence of decadal means. The enlarged signal
matrix G=G(t) evolves with time as the 5-decade window is
moved one decade at a time. The observations are defined

Given the same amount of data to estimate covariance matrices,
the space-time and space-frequency approaches will sacrifice
spatial resolution for temporal resolution.

Appendix 12.3: Pattern Correlation Methods
The pattern correlation methods discussed in this section are
closely related to optimal detection with one signal pattern.
Pattern correlation studies use either a centred statistic, R, which
correlates observed and signal anomalies in space relative to their

C=Biy/gigt = S;Ty/gilgt

(A12.3.2)

where I is the nxn identity matrix. Similarly, the centred statistic
can be written (albeit with an extra term in the denominator) as

respective spatial means, or an uncentred statistic, C (Bamett and
Schlesinger, 1987), that correlates these fields without removing
the spatial means. It has been argued that the latter is better suited

R=Yi(I-U)y/I(gi(1-U)Bt)vz(yr(I-U)y)uz) (A12.3.3)

for detection, because it includes the response in the global mean,
while the former is more appropriate for attribution because it
better measures the similarity between spatial patterns. The
similarity between the statistics is emphasised by the fact that
they can be given similar matrix-vector representations. In the
one pattern case, the optimal (regression) estimate of signal
amplitude is given by

a =gi C^y(g; Coogt

(A12.3.1)

The uncentred statistics may be written similarly as

where U is the nxn matrix with elements uj= I/n. The matrix U
removes the spatial means. Note that area, mass or volume
weighting, as appropriate, is easily incorporated into these
expressions. The main point is that each statistic is proportional
to the inner product with respect to a matrix "kernel" between
the signal pattern and the observations (Stephenson, 1997). In
contrast with the pattern correlation statistics, the optimal signal
amplitude estimate, which is proportional to a correlation
coefficient using the so-called Mahalonobis kernel
(Stephenson, 1997), maximises the signal-to-noise ratio.
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Appendix 12.4: Dimension Reduction
Estimation of the signal amplitudes, as well as the detection and
attribution consistency tests on the amplitudes, requires an
estimate of the covariance matrix C. of the residual noise field.
However, as y typically represents climate variation on timescales similar to the length of the observed instrumental record, it
is difficult to estimate the covariance matrix reliably. Thus the
covariance matrix is often estimated from a long control simulation. Even so, the number of independent realisations of u that are
available from a typical 1,000 to 2,000-year control simulation is
substantially smaller than the dimension of the field, and thus it is
not possible to estimate the full covariance matrix. The solution is
to replace the full fields y, gt„_,g, and u with vectors of
dimension k, where m<k«n, containing indices of their projections onto the dominant patterns of variability ft,...,f4 of u. These
patterns are usually taken to be the k highest variance EOFs of a
control mn (North and Stevens, 1998; Allen and Teti, 1999; Teti et
at, 1999) or a forced simulation (Heged et a!., 1996, 1997;
Schnur, 2001). Stott and Tett (1998) showed with a"perfect
model" study that climate change in surface air temperature can
only be detected at very large spatial scales. Thus Tett et at (1999)
reduce the spatial resolution to a few spherical harmonics prior to
EOF truncation. Kim et at (1996) and Zwiers and Shen (1997)
examine the sampling properties of spherical harmonic coefficients when they are estimated from sparse observing networks.

Appendix 12.5: Determining the Likelihood of Outcomes (pvalues)
'
Traditional statistical hypothesis tests are performed by
comparing the value of a detection statistic with an estimate of
its natural internal variability in the unperturbed climate. This
estimate must be obtained from control climate simulations
because detection statistics typically measure change on timescales that are a substantial fraction of the length of the
available instrumental record (see Appendix 12.4). Most
"optimap' detection studies use two data sets from control
climate simulations, one that is used to develop the optimal
detection statistic and the other to independently estimate its
natural variability. This is necessary to avoid underestimating
natural variability. The p-value that is used in testing the no
signal null hypothesis is often computed by assuming that both
the observed and simulated projections on signal patterns are
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An important decision, therefore, is the choice of k. A key consideration in the choice is that the variability of the residuals should
be consistent with the variability of the control simulation in the
dimensions that are retained. Allen and Ten (1999) describe a
simple test on the residuals that makes this consistency check.
Rejection implies that the model-simulated variability is significantly different from that of the residuals. This may happen when
the number of retained dimensions, k, is too large because higher
order EOFs may contain unrealistically low variance due to
sampling deficiencies or scales that are not well represented. In
this situation, the use of a smaller value of k can still provide
consistent results! there is no need to require that model-simulated
variability is perfect on all spatio-temporal scales for it to be
adequate on the very large scales used for detection and attribution studies. However, failing the residual check of Allen and Tett
(1999) could also indicate that the model does not have the
correct timing or pattern of response (in which case the residuals
will contain forced variability that is not present in the control
regardless of the choice of k) or that the model does not simulate
the correct amount of internal variability, even at the largest scales
represented by the low order EOFs. In this case, there is no
satisfactory choice of k. Previous authors (e.g., Hegerl et at,
1996, 1997; Stevens and North, 1996; North and Stevens, 1998)
have made this choice subjectively. Nonetheless, experience in
recent studies (Teti et at. 1999; Hegerl at a!. 2000, 2001; Stott at
at, 2001) indicates that their choices were appropriate.

normally distributed. This is convenient, and is thought to be a
reasonable assumption given the variables and the time and
space scales used for detection and attribution. However, it
leads to concern that very small p-values may be unreliable,
because they correspond to events that have not been explored
by the model in the available control integrations (Allen and
Tett, 1999). They therefore recommend that p-values be
limited to values that are consistent with the range visited in
the available control integrations. A non-parametric approach
is to estimate the p-value by comparing the value of the
detection statistic with an empirical estimate of its distribution
obtained from the second control simulation data set. If
parametric methods are used to estimate the p-value, then very
small values should be reported as being less than l/n, where
np represents the equivalent number of independent realisations of the detection statistic that are contained in the
second control integration.
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Executive Summary
The Purpose of Climate Scenarios
A climate scenario is a plausible representation of future climate
that has been constructed for explicit use in investigating the
potential impacts of anthropogenic climate change. Climate
scenarios often make use of climate projections (descriptions of
the modelled response of the climate system to scenarios of
greenhouse gas and aerosol concentrations), by manipulating
model outputs and combining them with observed climate data.
This new chapter for the IPCC assesses the methods used to
develop climate scenarios. Impact assessments have a very wide
range of scenario requirements, ranging from global mean
estimates of temperature, and sea level, through continental-scale
descriptions of changes in mean monthly climate, to point or
catchment-level detail about future changes in daily or even subdaily climate.
The science of climate scenario development acts as an
important bridge from the climate science of Working Group I
to the science of impact, adaptation and vulnerability assessment, considered by Working Group II. It also has a close
dependence on emissions scenarios, which are discussed by
Working Group III.
Methodsfor Constructing Scenarios
Useful information about possible future climates and their
impacts has been obtained using various scenario construction
methods. These include climate model based approaches,
temporal and spatial analogues, incremental scenarios for
sensitivity studies, and expert judgement. This chapter identifies
advantages and disadvantages of these different methods (see
Table 13.1).

All these methods can continue to serve a useful role in the
provision of scenarios for impact assessment, but it is likely that
the major advances in climate scenario construction will be made
through the refinement and extension of climate model based
approaches.
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those that they ignore. These techniques, however, do not always
provide consistent results. For example, simple methods based on
direct GCM changes often represent model-to-model differences
in simulated climate change, but do not address the uncertainty
associated with how these changes are expressed at fine spatial
scales. With regiqnalisation approaches, the reverse is often true.
A number of inethods have emerged to assist with the
quantification and communication of uncertainty in climate
scenarios. These include pattem-scaling techniques to interpolate/extrapolate between results of model experiment.s, climate
scenario generators, risk assessment frameworks and the use of
expert judgement. The development of new or refined scenario
construction techniques that can account for multiple uncertainties merits further investigation.
Representing High Spatial and Temporal Resolution Infonnation
The incorporation of climate changes at high spatial (e.g., tens of
kilometres) and temporal (e.g., daily) resolution in climate
scenarios currently remains largely within the research domain of
climate scenario development. Scenarios containing such high
resolution information have not yet been widely used in comprehensive policy relevant impact assessments.
Preliminary evidence suggests that coarse spatial resolution
AOGCM (Atmosphere-Ocean General Circulation Model)
information for impact studies needs to be used cautiously in
regions characterised by pronounced sub-GCM grid scale
variability in forcings. The use of suitable regionalisation
techniques may be important to enhance the AOGCM results
over such regions.
Incorporating higher resolution information in climate
scenarios can substantially alter the assessment of impacts. The
incorporation of such infomtation in scenarios is likely to become
increasingly common and further evaluation of the relevant
methods and their added value in impact assessment is warranted.
Representing Extreme Events
Extreme climate/weather events are very important for most

Each new advance in climate model simulations of future
climate has stimulated new techniques for climate scenario

climate change impacts. Changes in the occurrence and intensity
of extremes should be included in climate scenarios whenever

construction. There are now numerous techniques available for
scenario construction, the majority of which ultimately depend

possible.

upon results obtained from general circulation model (GCM)
experiments.

Representing the Cascade of Uncertainty
Uncertainties will remain inherent in predicting future climate
change, even though some uncertainties are likely to be narrowed
with time. Consequently, a range of climate scenarios should
usually be considered in conducting impact assessments.
There is a cascade of uncertainties in future climate predictions which includes unknown future emissions of greenhouse
gases and aerosols, the conversion of emissions to atmospheric
concentrations and to radiative forcing of the climate, modelling
the response of the climate system to forcing, and methods for
regionalising GCM results.
Scenario construction techniques can be usefully contrasted
according to the sources of uncertainty that they address and

Some extreme events are easily or implicitly incorporated in
climate scenarios using conventional techniques. It is more
difficult to produce scenarios of complex events, such as tropical
cyclones and ice storms, which may require specialised
techniques. This constitutes an important methodological gap in
scenario development. The large uncertainty regarding future
changes in some extreme events exacerbates the difficulty in
incorporating such changes in climate scenarios.
Applying Climate Scenarios in Impact Assessments
There is no single "best" scenario construction method
appropriate for all applications. In each case, the appropriate
method is determined by the context and the application of the
scenario.

The choice of method constrains the sources of uncertainty
that can be addressed. Relatively simple techniques, such as those
that rely on scaled or unsealed GCM changes, may well be the
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most appropriate for applications in integrated assessment
modelling or for informing policy; more sophisticated techniques,
such as regional climate modelling or conditioned stochastic
weather generation, are often necessary for applications involving
detailed regional modelling of climate change impacts.
Improving information Required for Scenario Development
Improvements in global climate modelling will bring a
variety of benefits to most climate scenario development

Climate Scenario Development

methods. A more diverse set of model experiments, such as
AOGCMs run under a broader range of forcings and at higher
resolutions, and regional climate models run either in
ensemble mode or for longer time periods, will allow a wider
range of uncertainty to be represented in climate scenarios. In
addition, incorporation of some of the physical, biological
and socio-economic feedbacks not currently simulated in
global models will improve the consistency of different
scenario elements.

Climate Scenario Development

13.1 Introduction
13.1.1 Definition and Nature of Scenarios
For the purposes of this report, a climate scenario refers to a
plausible future climate that has been constructed for explicit use
in investigating the potential consequences of anthropogenic
climate change. Such climate scenarios should represent future
conditions that account for both human-induced climate change
and natural climate variability. We distinguish a climate scenario
from a climate projection (discussed in Chapters 9 and 10), which
refers to a description of the response of the climate system to a
scenario of greenhouse gas and aerosol emissions, as simulated
by a climate model. Climate projections alone rarely provide
sufficient information to estimate future impacts of climate
change; model outputs commonly have to be manipulated and
combined with observed climate data to be usable, for example,
as inputs to impact models.
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To further illustrate this point, Box 13.1 presents a simple
example of climate scenario construction based on climate
projections. The example also illustrates some other common
considerations in performing an impact assessment that touch on
issues discussed later in this chapter.
We also distinguish between a climate scenario and a climate
change scenario. The latter term is sometimes used in the
scientific literature to denote a plausible future climate.
However, this term should strictly refer to a representation of the
difference between some plausible future climate and the current
or control climate (usually as represented in a climate model)
(see Box 111, Figure l3.la). A climate change scenario can be
viewed as an interim step toward constructing a climate
.scenario. Usually a climate scenario requires combining the
climate change scenario with a description of the current climate
as represented by climate observations (Figure 13.1b). In a
climate impacts context, it is the contrasting effects of these two
climates - one current (the observed "baseline" climate), one

Box 13.1: Example of scenario construction.
Example of basic scenario construction for an impact study: the case of climate change and world food supply (Rosenzweig and
Parry, 1994).
Aim of the study
The objective of this study was to estimate how global food supply might be affected by greenhouse gas induced climate change
up to the year 2060. The method adopted involved estimating the change in yield of major crop staples under various scenarios
using crop models at 112 representative sites distributed across the major agricultural regions of the world. Yield change estimates
were assumed to be applicable to large regions toproduce estimates of changes in total production which were then input to a global
trade model. Using assumptions about future population, economic growth, trading conditions and technological progress, the trade
model estimated plausible prices of food commodities on the international market given supply as defined by the production
estimates. This information was then used to define the number of people at risk from hunger in developing countries.

Scenario information
Each of the stages of analysis required scenario information to be provided, including:
• scenarios of carbon dioxide (CO2) concentration, affecting crop growth and water use, as an input to the crop models;
• climate observations and scenarios of future climate, for the crop model simulations;
• adaptation scenarios ( e.g., new crop varieties, adjusted farm management) as inputs to the crop models;
• scenarios of regional population and global trading policy as an input to the trade model.

To the extent possible, the scenarios were mutually consistent, such that scenarios of population (United Nations medium range
estimate) and Gross Domestic Product (GDP) (moderate growth) were broadly in line with the transient scenario of greenhouse gas
emissions (based on the Goddard Institute for Space Studies (G1S5) scenario A, see Hansen el at, 1988), and hence CO, concentmtions. Similarly, the climate scenarios were based on 2xCO2 equilibrium GCM projections from three models, where the
radiative forcing of climate was interpreted as the combined concentrations of CO2 (555 ppm) and other greenhouse gases
(contributing about 15% of the change in forcing) equivalent to a doubling of CO, assumed to occur in about 2060.
Construction of the climate scenario
Since projections of current (and hence future) regional climate from the GCM simulations were not accurate enough to be used
directly as an input to the crop model, modelled changes in climate were applied as adjustments to the observed climate at a
location. Climate change by 2060 was computed as the difference (air temperature) or ratio (precipitation and solar radiation) of
monthly mean climate between the GCM (unforced) control and 2xCO2 simulations at GCM grid boxes coinciding with the crop
modelling sites (Figure 13.1 b). These estimates were used to adjust observed time-series of daily climate for the baseline period
(usually 1961 to 1990) at each site (Figure 13.1 b,c). Crop model simulations were conducted for the baseline climate and for each
of the three climate scenarios, with and without CO2 enrichment (to estimate the relative contributions of CO, and climate to crop
yield changes), and assuming different levels of adaptation capacity.
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Figure 13.1: Example of the stages in the formation of a simple
climate scenario for temperature using Pon Rica (203° N, 97.3° W) as
a typical site used in the Mexican part of the Rosenzweig and Parry
(1994) study_
(a) Mean monthly differences (d) (2xCO, minus control) of average
temperature (°C) as calculated from the control and 2xCO, runs of the
Geophysical Fluid Dynamics Laboratory (GFDL) GCM (Manabe and
Wetherald, 1987) for the model grid box that includes the geographic
location of Poza Rica. The climate model spatial resolution is 4.4°
latitude by 7.5° longitude.
(b) The average 17-year (1973 to 1989) observed mean monthly
maximum temperature for Pon Rica (solid line) and the 2xCO2 mean
monthly maximum temperature produced by adding the differences
portrayed in (a) to this bastline (dashed line). The crop models,
however, require daily climate data for input.
(c) A sample of one year's (1975) observed daily maximum temperature data (solid line) and the 2xCO, daily values created by adding the
monthly differences in a) to the daily data (dashed line). Thus, the
dashed line is the actual daily maximum temperature time-series
describing future climate that was used as one of the weather inputs to
the crop models for this study and for this location (see Uverman er at.,
1994 for further details).

future (the climate scenario) - on the exposure unit] that
determines the impact of the climate change (Figure 13.Ic).
A treatment of climate scenario development, in this specific
sense, has been largely absent in the earlier IPCC Assessment
Reports. The subject has been presented in independent IPCC
Technical Guidelines documents (IPCC, 1992, 1994), which
were briefly summarised in the Second Assessment Report of
Working Group 11 (Carter et a!., 1996b). These documents, while
serving a useful purpose in providing guidelines for scenario use,

An exposure unit is an activity, group, region or resource exposed to
significant climatic variations (1PCC, 1994).

did not fully address the science of climate scenario development.
This may be, in part, because the field has been slow to develop
and because only recently has a critical mass of important
research issues coalesced and matured such that a full chapter is
now warranted.
The chapter also serves as a bridge between this Report of
Working Group I and the IPCC Third Assessment Report of
Working Group II (IPCC, 2001) (hereafter TAR WG II) of
climate change impacts, adaptation and vulnerability. As such it
also embodies the maturation in the IPCC assessment process that is, a recognition of the interconnections among the different
segments of the assessment process and a desire to further
integrate these segments. Chapter 3 performs a similar role in the
TAR WG II (Carter and La Rovere, 2001) also discussing climate
scenarios, but treating, in addition, all other scenarios (socioeconomic, land use, environmental, etc.) needed for undertaking
policy-relevant impact assessment. Chapter 3 serves in part as the
other half of the bridge between the two Working Group Reports.
Scenarios are neither predictions nor forecasts of future
conditions. Rather they describe alternative plausible futures that
conform to sets of circumstances or constraints within which they
occur (Hammond, 1996). The true purpose of scenarios is to
illuminate uncertainty, as they help ia determining the possible
ramifications of an issue (in this case, climate change) along one
or more plausible (but indeterminate) paths (Fisher, 1996).
Not all possibly imaginable futures can be considered viable
scenarios of future climate. For example, most climate scenarios
include the characteristic of increased lower tropospheric temperature (except in some isolated regions and physical circumstances), since most climatologists have very high confidence in
that characteristic (Schneider at a!., 1990; Mahlman, 1997).
Given our present state of knowledge, a scenario that portrayed
global tropospheric cooling for the 21st century would not be
viable. We shall see in this chapter that what constitutes a viable
scenario of future climate has evolved along with our
understanding of the climate system and how this understanding
might develop in the future.
It is worth noting that the development of climate scenarios
predates the issue of global warming. In the mid-1970s, for
example, when a concern emerged regarding global cooling due
to the possible effect of aircraft on the stratosphere, simple
incremental scenarios of climate change were formulated to
evaluate what the possible effects might be worldwide (CIAP,
1975).
The purpose of this chapter is to assess the current state of
climate scenario development. It discusses research issues that
are addressed by researchers who develop climate scenarios and
that must be considered by impacts researchers when they select
scenarios for use in impact assessments. This chapter is not
concerned, however, with presenting a comprehensive set of
climate scenarios for the IPCC Third Assessment Report.
13.1.2 Climate Scenario Needs of the Impacts Community
The specific climate scenario needs of the impacts community
vary, depending on the geographic region considered, the type of
impact, and the purpose of the study. For example, distinctions
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can be made between scenario needs for research in climate
scenario development and in the methods of conducting impact
assessment (e.g., Woo, 1992; Mearns et al., 1997) and scenario
needs for direct application in policy relevant impact and
integrated assessments (e.g., Carter et at, I996a; Smith et at,
1996; Hulme and Jenkins, 1998).
The types of climate variables needed for quantitative
impacts studies vary widely (e.g., White, 1985). However, six
"cardinal° variables can be identified as the most commonly
requested: maximum and minimum temperature, precipitation,
incident solar radiation, relative humidity, and wind speed.
Nevertheless, this list is far from exhaustive. Other climate or
climate-related variables of importance may include CO2
concentration, sea-ice extent, mean sea level pressure, sea level,
and storm surge frequencies. A central issue regarding any
climate variable of importance for impact assessment is
determining at what spatial and temporal scales the variable in
question can sensibly be provided, in comparison to the scales
most desired by the impacts community. From an impacts
perspective, it is usually desirable to have a fair amount of
regional detail of future climate and to have a sense of how
climate variability (from short to long time-scales) may change.
But the need for this sort of detail is very much a function of the
scale and purpose of the particular impact assessment.
Moreover, the availability of the output from climate models and
the advisability of using climate model results at particular
scales, from the point of view of the climate modellers,
ultimately determines what scales can and should be used.

trajectory of greenhouse gas emissions in the future, their conversion into atmospheric concentrations, the range of responses of
various climate models to a given radiative forcing and the
method of constructing high resolution information from global
climate model outputs (Pittock, 1995; see Figure 13.2). For many
purposes, simply defining a single climate future is insufficient
and unsatisfactory. Multiple climate scenarios that address at
least one, or preferably several sources of uncertainty allow these
uncertainties to be quantified and explicitly accounted for in
impact assessments- Moreover, a further important requirement
for impact assessments is to ensure consistency is achieved
among various scenario components, such as between climate
change, sea level rise and the concentration of actual (as opposed
to equivalent) CO2 implied by a particular emissions scenario.
As mentioned above, climate scenarios that are developed for
impacts applications usually require that some estimate of
climate change be combined with baseline observational climate
data, and the demand for more complete and sophisticated
observational data sets of climate has grown in recent years. The
important considerations for the baseline include the time period
adopted as well as the spatial and temporal resolution of the
baseline data.
Much of this chapter is devoted to assessing how and how
successfully these needs and requirements are currently met.

Scenarios should also provide adequate quantitative measures

assessments are introduced in this section. The most common

of uncertainty. The sources of uncertainty are many, including the

scenario type is based on outputs from climate models and
receives most attention in this chapter. The other three types have

13.2 Types of Scenarios of Future Climate
Four types of climate scenario that have been applied in impact

usually been applied with reference to or in conjunction with
model-based scenarios, namely: incremental scenarios for
Soeb-economic assomptions
(WGII/Ch 3; WCIIVCh I -SRRti)

sensitivity studies, analogue scenarios, and a general category of
"other scenarios". The origins of these scenarios and their mutual
linkages are depicted in Figure 13.3.

Emimione scenarios
(wc[NCh1-sRFS)

The suitability of each type of scenario for use in policyrelevant impact assessment can be assessed according to five
criteria adapted from Smith and Hulme (1998):

Coneentrstios projections
(WGVCh3A3)

1. Consistency at regional level with global projections. Scenario
changes in regional climate may lie outside the range of global

T__
Radiative Forting limiections
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mean changes but should be consistent with theory and model-
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based results.
2. Physical plausibility and realism. Changes in climate should
be physically plausible, such that changes in different climatic
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Figure 13.2; The cascade of uncertainties in projections to be consideted in developing climate and related scenarios for climate change
impact, adaptation and mitigation assessment.

3. Appropriateness of information for impact assessments.
Scenarios should present climate changes at an appropriate
temporal and spatial scale, for a sufficient number of variables,
and over an adequate time horizon to allow for impact assessments.
4. Representativeness of the potential range of future regional
climate change.
5. Accessibility. The information required for developing climate
scenarios should be readily available and easily accessible for
use in impact assessments.
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Palaeoclimatic
reconstructions

Historical
observations

Incremental
scenarios for
sensitivity studies

Figure 13-3: Some alternative data sources and procedures for constructing climate scenarios for use in impact assessment. Highlighted boxes indicate
the baseline climate and common types of scenario (see text for details). Grey shading encloses the typical components of climate scenario generators.

A summary of the major advantages and disadvantages of
different scenario development methods, based on these criteria,
is presented in Table 13.1. The relative significance of the
advantages and disadvantages is highly application dependent.
13.2.1 Incremental Scenarios jor Sensitivity Studies
Incremental scenarios describe techniques where particular
climatic (or related) elements are changed incrementally by
plausible though arbitrary amounts (e.g., +1, +2, +3, +4°C
change in temperature). Also referred to as synthetic scenarios
(IPCC, 1994), they are commonly applied to study the sensitivity
of an exposure unit to a wide range of variations in climate, often
according to a qualitative interpretation of projections of future
regional climate from climate model simulations ("guided
sensitivity analysis", see IPCC-TGC1A, 1999). Incremental
scenarios facilitate the construction of response surfaces graphical devices for plotting changes in climate against some

measure of impact (for example see Figure 13.9b) which can
assist in identifying critical thresholds or discontinuities of
response to a changing climate. Other types of scenarios (e.g.,
based on model outputs) can be superimposed on a response
surface and the significance of their impacts readily evaluated
(e.g., Fowler, 1999). Most studies have adopted incremental
scenarios of constant changes throughout the year (e.g., Terjung
et at, 1984; Rosenzweig et at, 1996), but some have introduced
seasonal and spatial variations in the changes (e.g., Whetton er
at, 1993; Rosenthal et at, 1995) and others have examined
arbitrary changes in interannual, within-month and diurnal
variability as well as changes in the mean (e.g., Williams et al.,
1988; Means et at, 1992; Semenov and Porter, 1995; Meams et
at, 1996).
Incremental scenarios provide information on an ordered
range of climate changes and can readily be applied in a consistent and replicable way in different studies and regions, allowing
for direct intercomparison of results. However, such scenarios do
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Table l3./: The role of various types of climate scenarios and an evaluation of their advantages and disadvantages according to the five criteria
described in the text. Note that in some applications a combination of methods may be used (e.g., regional modelling and a weather generator).
Scenario type or fool

DescriptiordDse

Inrrcmrntal

• Testing System sensitivity
• Identifying key climate
thresholds

• Easy to design and apply (5)
• Allows impact response surfaces to be created (3)

• Potential far creatingunrealistic scenerios(1.2)
• Not directly related to greenhouse gas forcing (1)

• Chamcterising wanner
periods in past

• A physically plausible changed climate that really
did occur in the pat of a magnitude similar to that
predicted for -2100 (2)

• Variables may be poorly resolved in space and
time (3, 5)
• Not related to greenhouse gas forcing (1)

Instrumental

• Exploring vulnerabilities,
and taint adaptive
capacities

• Physically realistic changes (2)
• Can contain a rich mixture of well-resolved,
intemally consistent, variables (3)
• Data readily available (5)

•Nor necessarily related togreerrhousefax forcing (1)
• Magnitude of the climate change usually quite
small (1)
• No appropriate analogues may be available (5)

Spatial

• Extrapolating
climate/ecosysnm
relationships
• Pedagogic

• May contain a rich mixture of well-resnlved
variables (3)

• Not related to greenhouse gas forcing (1, 4)
- Often physically implausible (2)
• No appropriate analogues may be available (5)

• Starting point for most
climate scenarios
• Large-scale response to
anthrupogcnic forcing

• Information derived from the most
comprehensive, physieally-basrA models (1, 2)
• Long integrations (1)
• Data readily available (5)
• Many variables (potentially) available (3)

• Spatial information is poorly resolved (3)
• Daily characteristics may be unrealistic, except for
very large regions (3)
• Computationally expensive to derive multiple
scenarios (4, 5)
• largo central mn biases may be a concern for use
in certain regions (2)

• Providing high resolution
information at
globaVcontinental scales

• Provides highly resolved information (3)
• Information is derived from physically-based
models (2)
• Many variables available (3)
• Globally consistent and allows for fcedbacks (1.2)

• Computing onally expensive to derwe multiple
scenarios (4, 5)
• Problems in maintaining viable instrumentations
across s<alca (1,2)
• High resolution is dependent on SSTs and sea ice
margins from driving model (AOGCM) (2)
• Dependent on (usually biased) inputs from driving
AOGCM (2)

• Providing high
spatiaUtemporal resolution
information

• Provides very highly resolved information (spatial
it temporal) (3)
• Information is derived from physically-based
models (2)
• Many variables available (3)
• Better representation of some weather extremes
ban in GCMs (2.4)

• Computationally expensive, and thus few
multiple scamusione (4, 5)
• Lack of two-way nesting my ma re concern
regarding completeness (2)
• Dependent on (usually biased) inputs from driving
AOGCM (2)

Statistical downscahng

• Providing poiuUhigh
sports) resolution
information

• Can generate information on high rewlution
grids, in non-un)form regions (3)
• Potenttsl,for some techniques. to address a diverse
range of variables (3)
• Variables are (probably) internally conssstcne (2)
• Computationally (relatively) inexpensive (5)
• Suitable for locations with limited computational
resources (5)
• Rapid application to multiple GCMS (4)

• Assumes constancy of empirical relationships in
the future (1, 2)
• Demands access so daily observational tmirface
and/or upper air data that spans mage of variability
(5)
• Not many variables produced for some techniques
(3, 5)
• Dependent on (usually biased) inputs from riming
AOGCM (2)

Climate scenario
generators

• Integrated assessments
• Exploring uncertainties
• Pedagogic

• May allow forsequcmialquamificaaonof
uncertainty (4)
• Provides integrated' scenarios (I)
• Multiple scenarios easy to derive (4)

•Usually rely melinearpaaemel-ling mrhMs(1)
• Poor representation of temporal variability (3)
• Lowspatial resolution(3)

Weather generators

• Generating baseline
climate timc-seves
• Altering higher order
momenb of dimate
• Statistical downscaling

• Generates long sequences of daily or sub-dally
climate (2, 3)
• Variables are usually inlcmally consistent (2)
• Can incorporate altered frequcncy/inlcnsity of
ENSO events (3)

Expert judgment

• Exploring probability and
nsk
• integrating current thinking
on changes in climate

• May allow for a'consensus' (4)
• Has the potential to imegrate z very broad range
of relovant information (1, 3, 4)
• Uncertainties can be readily represented (4)

Analogue:
Polaeoclimatic

Climate model based:
Direct AOGCM omputs

High resolution/stretched
grid (AGCM)

Regional models

Advantages'

Deadvvntagesa

• Pont representation of low frequency climate
variability (2,4)
• Limited representation of extremes (2, 3,4)
• Requires access to long observational weather
series(5)
• In the absence ofconditioning, assume,consmnt
I
statistical characteristics (1, 2)
• Subjectiviry may inuoduce blav (2)
• Aurepre.centztive survey of experts may be difficult
to implement (5)

' Numbers in parentheses under Advantages and Dtsadavantzges indicate that they are relevant to the criteria described. The five criteria are: (I)
Consistency at regional level with global projection.c; (2) Physical plausibility and realism, such that changes in different climatic variables am mutually
consistent and credible, and spatial and temporal patterns of change are realistic; (3) Appropriateness of information for impact assessments (i.e.,
resolution, time horium, variables): (4) Representativeness of the potential range of future regional climate change; and (5) Accessibility for use in
impact assessments.
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not necessarily present a realistic set of changes that are
physically plausible. They are usually adopted for exploring
system sensitivity prior to the application of more credible,
model-based scenarios (Rosenzweig and Iglesias, 1994; Smith
and Hulme, 1998).
13.2.2 Analogue Scenarios
Analogue scenarios are constructed by identifying recorded
climate regimes which may resemble the future climate in a given
region. Both spatial and temporal analogues have been used in
constructing climate scenarios.
13.2.2.1 Spatial analogues
Spatial analogues are regions which today have a climate
analogous to that anticipated in the study region in the future. For
example, to project future grass growth. Bergth6rsson et al.
(1988) used northern Britain as a spatial analogue for the
potential future climate over Iceland. Similarly, Kalkstein and
Greene (1997) used Atlanta as a spatial analogue of New York in
a headmortality study for the future. Spatial analogues have also
been exploited along altitudinal gradients to project vegetation
composition, snow conditions for skiing, and avalanche risk (e.g.,
Beniston and Price, 1992; Holten and Carey, 1992; Gyalistras et
al., 1997). However, the approach is severely restricted by the
frequent lack of correspondence between other important
features (both climatic and non-climatic) of a study region and its
spatial analogue (AmeB et al., 1990). Thus, spatial analogues are
seldom applied as scenarios, per.re. Rather, they are valuable for
validating the extrapolation of impact models by providing
information on the response of systems to climatic conditions
falling outside the range currently experienced at a study
location.
13.2.2.2 Temporal analogues
Temporal analogues make use of climatic information from the
past as an analogue for possible future climate (Webb and
Wigley, 1985; Pittock, 1993). They are of two types: palaeoclimatic analogues and instrumentally based analogues.
Palaeoclimatic analogues are based on reconstructions of past
climate from fossil evidence, such as plant or animal remains and
sedimentary deposits. Two periods have received particular
attention (Budyko, 1989; Shabalova and KSnnen, 1995): the midHolocene (about 5 to 6{ry BP') and the Last (Eemian)
Interglacial (about 120 to 130 ky BP). During these periods,
mean global temperatures were as warm as or warmer than today
(see Chapter 2, Section 2.4.4), perhaps resembling temperatures
anticipated during the 21st century. Palaeoclimatic analogues
have been adopted extensively in the former Soviet Union (e.g.,
Frenzel et al., 1992; Velichko et at, 1995a,b; Anisimov and
Nelson, 1996), as well as elsewhere (e.g., Kellogg and Schware,
1981; Pittock and Salinger, 1982). The major disadvantage of
using palaeoclimatic analogues for climate scenarios is that the
causes of past changes in climate (e.g., variations in the Earth's
orbit about the Sun; continental configuration) are different from
2 ky BP = thousand years before present.
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those posited for the enhanced greenhouse effect, and the
resulting regional and seasonal patterns of climate change may be
quite different (Crowley, 1990; Mitchell, 1990). There are also
large uncertainties about the quality of many palaeoclimatic
reconstructions (Covey, 1995). However, these scenarios remain
useful for providing insights about the vulnerability of systems to
abrupt climate change (e.g., Severinghaus et al-, 1999) and to past
El Nino-Southern Oscillation (ENSO) extremes (e.g., Fagan,
1999; Rodbell et al., 1999). They also can provide valuable
information for testing the ability of climate models to reproduce
past climate fluctuations (see Chapter 8).
Periods of observed global scale warmth during the historical
period have also been used as analogues of a greenhouse gas
induced warmer world (Wigley et al., 1980). Such scenarios are
usually constructed by estimating the difference between the
regional climate during the warm period and that of the long-term
average or a similarly selected cold period (e.g., Lough et at.,
1983). An alternative approach is to select the past period on the
basis not only of the observed climatic conditions but also of the
recorded impacts (e.g., Warrick, 1984; Williams et al., 1988;
Rosenberg et al, 1993; Lapin et at, 1995). A further method
employs observed atmospheric circulation patterns as analogues
(e.g., Wilby et a!., 1994). The advantage of the analogoe
approach is that the changes in climate were actually observed
and so, by definition, are internally consistent and physically
plausible. Moreover, the approach can yield useful insights into
past sensitivity and adaptation to climatic variations (Magalhies
and Glantz, 1992). The major objection to these analogues is that
climate anomalies during the past century have been fairly minor
compared to anticipated future changes, and in many cases the
anomalies were probably associated with naturally occurring
changes in atmospheric circulation rather than changes in
greenhouse gas concentrations (e.g., Glantz, 1988; Pittock,
1989).
13.2.3 Scenarios Based on Outputs jrom Climate Models
Climate models at different spatial scales and levels of
complexity provide the major source of information for
constructing scenarios. GCMs and a hierarchy of simple models
produce information at the global scale. These are discussed
further below and assessed in detail in Chapters 8 and 9. At the
regional scale them are several methods for obtaining sub-GCM
grid scale information. These are detailed in Chapter 10 and
summarised in Section 13.4.
13.2.3.1 Scenarios from General Circulation Models
The most common method of developing climate scenarios for
quantitative impact assessments is to use results from GCM
experiments. GCMs are the most advanced tools currently
available for simulating the response of the global climate system
to changing atmospheric composition.
All of the earliest GCM-based scenarios developed for impact
assessment in the 1980s were based on equilibrium-response
experiments (e.g., Emanuel et al., I985; Rosenzweig, 1985;
Gleick, 1986; Parry et al., 1988). However, most of these
scenarios contained no explicit information about the time of
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realisation of changes, although timedependency was introduced
in some studies using panem-scaling techniques (e.g., Sauter et
at, 1990; see Section 13.5).
The evolving (transient) pattern of climate response to
gradual changes in atmospheric composition was introduced into
climate scenarios using outputs from coupled AOGCMs front the
early 1990s onwards. Recent AOGCM simulations (see Chapter
9, Table 9.1) begin by modelling historical forcing by greenhouse
gases and aerosols from the late 19th or early 20th century
onwards. Climate scenarios based on these simulations are being
increasingly adopted in impact studies (e.g., Neilson et at., 1997;
Downing et at., 2000) along with scenarios based on ensemble
simulations (e.g., papers in Parry and Livermore, 1999) and
scenarios accounting for multi-decadal natural climatic
variability from long AOGCM control simulations (e.g., Hulme
et at., 1999a).
There are several limitations that restrict the usefulness of
AOGCM outputs for impact assessment: (i) the large resources
required to undertake GCM simulations and store their outputs,
which have restricted the range of experiments that can be
conducted (e.g., the range of radiative forcings assumed); (ii)
their coarse spatial resolution compared to the scale of many
impact assessments (see Section 13.4); (iii) the difficulty of
distinguishing an anthropogenic signal from the noise of natural
internal model variability (see Section 13.5); and (iv) the difference in climate sensitivity between models,
13.2.3.2 Scenarios from simple climate m^elv
Simple climate models are simplified global models that attempt
to reproduce the large-scale behaviour of AOGCMs (see Chapter
9). While they are seldom able to represent the non-linearities of
some processes that are captured by more complex models, they
have the advantage that multiple simulations can be conducted
very rapidly, enabling an exploration of the climatic effects of
alternative scenarios of radiative forcing, climate sensitivity and
other parametrized uncertainties (IPCC, 1997). Outputs from
these models have been used in conjunction with GCM information to develop scenarios using pattem-scaling techniques (see
Section 13.5). They have also been used to construct regional
greenhouse gas stabilisation scenarios (e.g., Gyalistras and
Fischlin, 1995). Simple climate models are used in climate
scenario generators (see Section 13.5.2) and in some integrated
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A second type of scenario, which has some resemblance to
the first, uses empirical relationships between regional climate
and global mean temperature from the instrumental record to
extrapolate future regional climate on the basis of projected
global or hemispheric mean temperature change (e.g. Vnnikov
and Groisman, 1979; Anisimov and Poljakov, 1999). Again, this
method relies on the assumption that past relationships between
local and broad-scale climate are also applicable to future
conditions.
A third type of scenario is based on expert judgement,
whereby estimates of future climate change are solicited from
climate scientists, and the results are sampled to obtain
probability density functions of future change (NDU, 1978;
Morgan and Keith, 1995;Titus and Narayanan, 1996; Kuikka and
Varis, 1997; Tol and de Vos, 1998). The main criticism of expert
judgement is its inherent subjectivity, including problems of the
representativeness of the scientists sampled and likely biases in
questionnaire design and analysis of the responses (Stewart and
Glantz, 1985). Nevertheless, since uncertainties in estimates of
future climate are inevitable, any moves towards expressing
future climate in probabilistic terms will necessarily embrace
some elements of subjective judgement (see Section 13.5).
13.3 Defining the Baseline
A baseline period is needed to define the observed climate with
which climate change information is usually combined to create
a climate scenario. When using climate model results for scenario
construction, the baseline also serves as the reference period from
which the modelled future change in climate is calculated.
13.3.1 The Choice of Baseline Period
The choice of baseline period has often been governed by
availability of the required climate data. Examples of adopted
baseline periods include 1931 to 1960 (Leemans and Solomon,
1993), 1951 to 1980 (Smith and Pitts, 1997), or 1961 to 1990
(Kittel et al., 1995; Hulme et al., 1999b).
There may be climatological reasons to favour earlier baseline
periods over later ones (IPCC, 1994). For example, later periods
such as 1961 to 1990 are likely to have larger anthropogenic trends

assessment models (see Section 13.6).

embedded in the climate data, especially the effects of sulphate
aerosols over regions such as Europe and eastern USA (Kul et al.,

13.2.4 Other Types of Scenarios

1996). In this regard, the 'Ideal" baseline period would be in the
19th century when anthropogenic effects on global climate were
negligible. Most impact assessments, however, seek to determine

Three additional types of climate scenarios have also been adopted
in impact studies. The first type involves extrapolating ongoing
trends in climate that have been observed in some regions and that
appear to be consistent with model-based projections of climate
change (e.g., Jones et al., 1999). There are obvious dangers in
relying on extrapolated trends, and especially in assuming that
recent trends are due to anthropogenic forcing rather than natural
variability (see Chapters 2 and 12). However, if current trends in
climate we pointing strongly in one direction, it may be difficult to
defend the credibility of scenarios that posit a trend in the opposite
direction, especially over a short projection period.

the effect of climate change with respect to "the present", and
therefore recent baseline periods such as 1961 to 1990 are usually
favoured. A further attraction of using 1961 to 1990 is that
observational climate data coverage and availability are generally
better for this period compared to earlier ones.

Whatever baseline period is adopted, it is important to
acknowledge that there are differences between climatological
averages based on century-long data (e.g., Legates and Wilmort,
1990) and those based on sub-periods. Moreover, different 30year periods have been shown to exhibit differences in regional
annual mean baseline temperature and precipitation of up to
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t0.59C and ±15'!'o respectively (Hulme and New, 1997; Visser et
at. 2000; see also Chapter 2).

13.3.2 The Adequacy of Baseline Climatological Data
The adequacy of observed baseline climate data sets can only be
evaluated in the context of particular climate scenario construction
methods, since different methods have differing demands for
baseline climate data
There are an increasing number of gridded global (e.g.,
Leemans and Cramer, 1991; New et al., 1999) and national (e.g.,
Kittel et al., 1995, 1997; Frei and Sch3r, 1998) climate data sets
describing mean surface climate, although few describe interannual climate variability (see Kittel et al., 1997; Xie and Arkin,
1997; New et al., 2000). Differences between alternative gridded
regional or global baseline climate data sets may be large, and
these may induce non-trivial differences in climate change
impacts that use climate scenarios incorporating different baseline
climate data (e.g., AmeB, 1999). These differences may be as
much a function of different interpolation methods and station
densities as they are of errors in observations or the result of
sampling different time periods (Hulme and New, 1997; New,
1999). A common problem that some methods endeavour to
correct is systematic biases in station locations (e.g., towards low
elevation sites). The adequacy of different techniques (e.g., Daly
et al., 1994; Hutchinson, 1995; New et al., 1999) to interpolate
station records under conditions of varying station density and/or
different topography has not been systematically evaluated.
A growing number of climate scenarios require gridded daily
baseline climatological data sets at continental or global scales
yet, to date, the only observed data products that meet this
criterion are experimental (e.g., Piper and Stewart, 1996;
Widmann and Bretherton, 2000). For this and other reasons,
attempts have been made to combine monthly observed cGmatologies with stochastic weather generators to allow "synthetic" daily
observed baseline data to be generated for national (e.g., Carter et
at, 1996a; Semenov and Brooks, 1999), continental (e.g., Vcet et
al., 1996; Kittel et al., 1997), or even global (e.g., Friend, 1998)
scales. Weather generators are statistical models of observed
sequences of weather variables, whose outputs resemble weather
data at individual or multi-site locations (Wilks and Wilby, 1999).
Access to long observed daily weather series for many parts of the
world (e.g., oceans, polar regions and some developing countries)
is a problem for climate scenario developers who wish to calibrate
and use weather generators.
A number of statistical downscaling techniques (see Section
13.4 and Chapter 10, Section 10.6, for definition) used in scenario
development employ Numerical Weather Prediction (NWP)
reanalysis data products as a source of upper air climate data
(Kalnay et at., 1996). These reanalysis data sets extend over
periods up to 40 years and provide spatialand temporal resolution
sometimes lacking in observed climate data sets. Relatively little
detailed work has compared such reanalysis data with
independent observed data sets (see Santer et al., 1999, and
Widmann and Bretherton, 2000, for two exceptions), but it is
known that certain reanalysis variables - such as precipitation and
some other hydrological variables - are unreliable.

13.3.3 Combining Baseline and Modelled Data
Climate scenarios based on model estimates of future climate can
be constructed either by adopting the direct model outputs or by
combining model estimates of the changed climate with observational climate data. Impact studies rarely use GCM outputs
directly because GCM biases are too great and because the
spatial resolution is generally too coarse to satisfy the data
requirements for estimating impacts. Meams et al. (1997) and
Mavromatis and Jones (1999) provide two of the few examples
of using climate model output directly as input into an impact
assessment.
Model-based estimates of climate change should be
calculated with respect to the chosen baseline. For example, it
would be inappropriate to combine modelled changes in climate
calculated with respect to model year 1990 with an observed
baseline climate representing 1951 to 1980. Such an approach
would "disregard" about 0.15°C of mean global warming
occurring between the mid-1970s and 1990. It would be equally
misleading to apply modelled changes in climate calculated with
respect to an unforced (control) climate representing "preindustrial" conditions (e.g., "forced" t3 minus "unforced" it in
Figure 13.4) to an observed baseline climate representing some
period in the 20th century. Such an approach would introduce an
unwarranted amount of global climate change into the scenario.
This latter definition of modelled climate change was originally
used in transient climate change experiments to overcome
problems associated with climate "drift" in the coupled AOGCM
simulations (Cubasch et at, 1992), but was not designed to be
used in conjunction with observed climate data. It is more
appropriate to define the modelled change in climate with respect
to the same baseline period that the observed climate data set is
representing (e.g., "forced" t3 minus "forced" t, in Figure 13.4,
added to a 1961 to 1990 baseline climate).
Whatever baseline period is selected, there are a number of
ways in which changes in climate can be calculated from model
results and applied to baseline data. For example, changes in
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Figure 13.4: A schematic representation of different simulations and
periods in a coupled AOG(:M climate change experiment that may be
used in the definition of modelled climate change. tq to t, define
alternative 30-year periods from either forced or unforced experimcnts.
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climate can be calculated either as the difference or as the ratio
between the simulated future climate and the simulated baseline
climate. These differences or ratios are then applied to the
observed baseline climate - whether mean values, monthly or a
daily time-series. Differences are commonly applied to temperature (as in Box 13.1), while ratios are usually used with those
surface variables, such as precipitation, vapour pressure and
radiation, that are either positive or zero. Climate scenarios have
been constructed using both absolute and relative changes for
precipitation. The effects of the two different approaches on the
resulting climate change impacts depend on the types of impacts
being studied and the region of application. Some studies report
noticeable differences in impacts (e.g., Alcamo et at., 1998),
especially since applying ratio changes alters the standard
deviation of the original series (Meams et al., 1996); in others,
differences in impacts were negligible (e.g., Tom and Fried,
1992).
13.4 Scenarios with Enhanced Spatial and Temporal
Resolution
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kilometres) and the scale of interest for regional impacts (an order
or two orders of magnitude finer scale) (Hostetler, 1994; IFCC,
1994). For example, many mechanistic models used to simulate
the ecological effects of climate change operate at spatial resolutions varying from a single plant to a few hectares. Their results
may be highly sensitive to fine-scale climate variations that may
be embedded in coarse-scale climate variations, especially in
regions of complex topography, along coastlines, and in regions
with highly heterogeneous land-surface covers.
Conventionally, regional "detail" in climate scenarios has been
incorporated by applying changes in climate from the coarse-scale
GCM grid points to observation points that are distributed at
varying resolutions, but often at resolutions higher than that of the
GCMs (e.g., see Box 13.1; Whetton et al., 1996; Amell, 1999).
Recently, high resolution gridded baseline chmatologies have
been developed with which coarse resolution GCM results have
been combined (e.g., Saarikko and Carter, 1996; Kittel et al.,
1997). Such relatively simple techniques, however, cannot
overcome the limitations imposed by the fundamental spatial
coarseness of the simulated climate change information itself.
Three major techniques (referred to as regionalisation

The spatial and temporal scales of information from GCMs, from
which climate scenarios have generally been produced, have not
been ideal from an impacts point of view. The desire for information on climate change regarding changes in variability as well as
changes in mean conditions and for information at high spatial
resolutions has been consistent over a number of years (Smith
and Tirpak, 1989).
The scale at which information can appropriately be taken
from relatively coarse-scale GCMs has also been debated. For
example, many climate scenarios constructed from GCM outputs
have taken information from individual GCM grid boxes,
whereas most climate modellers do not consider the outputs from
their simulation experiments to be valid on a single grid box scale
and usually examine the regional results from GCMs over a
cluster of grid boxes (see Chapter 10, Section 10.3). Thus, the
scale of information taken from coarse resolution GCMs for
scenario development often exceeds the reasonable resolution of
accuracy of the models themselves.
In this section we assess methods of incorporating high
resolution information into climate scenarios. The issue of spatial
and temporal scale embodies an important type of uncertainty in
climate scenario development (see Section 13.5.1.5).
Since spatial and temporal scales in atmospheric phenomena
are often related, approaches for increasing spatial resolution can
also be expected to improve information at high-frequency
temporal scales (e.g., Meams et al., 1997; Semenov and Barrow,
1997; Wang et al., 1999; see also Chapter 10).
13.4.1 Spatial Scale of Scenarios
The climate change impacts community has long bemoaned the
inadequate spatial scale of climate scenarios produced from
coarse resolution GCM output (Gates, 1985; Lamb, 1987;
Robinson and Finkelstein, 1989; Smith and Tirpak, 1989; Cohen,
1990). This dissatisfaction emanates from the perceived
mismatch of scale between coarse resolution GCMs (hundreds of

techniques) have been developed to produce higher resolution
climate scenarios: (1) regional climate modelling (Giorgi and
Meams, 1991; McGregor, 1997; Giorgi and Means, 1999); (2)
statistical downscaling (Wilby and Wigley, 1997; Murphy, 1999);
and (3) high resolution and variable resolution Atmospheric
General Circulation Model (AGCM) time-slice techniques
(Cubasch et al., 1995; Fox-Rabinovitz et al., 1997). The two
former methods are dependent on the large-scale circulation
variables from GCMs, and their value as a viable means of
increasing the spatial resolution of climate change information
thus partially depends on the quality of the GCM simulations.
The variable resolution and high resolution time-slice methods
use the AGCMh directly, run at high or variable resolutions. The
high resolution time-slice technique is also dependent on the sea
surface temperature simulated by a coarser resolution AOGCM.
There have been few completed experiments using these AGCM
techniques, which essentially are still under development (see
Chapter 10, Section 10.4). Moreover, they have rarely been
applied to explicit scenario formation for impacts purposes (see
Jendritzky and Tinz, 2000, for an exception) and are not
discussed further in this chapter. See Chapter 10 for further
details on all techniques.

13.4.1.1 Regional modelling
The basic strategy in regional modelling is to rely on the GCM to
reproduce the large-scale circulation of the atmosphere and for
the regional model to simulate sub-GCM scale regional distributions or patterns of climate, such as precipitation, temperature,
and winds, over the region of interest (Giorgi and Mearns, 1991;
McGregor, 1997; Giorgi and Meams, 1999). The GCM provides
the initial and lateral boundary conditions for driving the regional
climate model (RCM). In general, the spatial resolution of the
regional model is on the order of tens of kiilometres, whereas the
GCM scale is an order of magnitude coarser. Further details on
the techniques of regional climate modelling are covered in
Chapter 10, Section 10.5.
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13.4.1.2 Statistical downscaling
In statistical downscaling, a cross-scale statistical relationship
is developed between large-scale variables of observed climate
such as spatially averaged 500 hPa heights, or measure of
vorticity, and local variables such as site-specific temperature
and precipitation (von Starch, 1995; Wilby and Wigley, 1997;
Murphy, 1999). These relationships are assumed to remain
constant in the climate change context. Also, it is assumed that
the predictors selected (i.e., the large-scale variables)
adequately represent the climate change signal for the predictand (e.g., local-scale precipitation). The statistical relationship
is used in conjunction with the change in the large-scale
variables to determine the future local climate. Further details
of these techniques are provided in Chapter 10, Section 10.6.
13.4.1.3 Applications of the methods to impacts
While the two major techniques described above have been
available for about ten years, and proponents claim use in
impact assessments as one of their important applications, it is
only quite recently that scenarios developed using these
techniques have actually been applied in a variety of impact
assessments, such as temperature extremes (Hennessy et at.,
1998; Mearns, 1999); water resources (Hassall and Associates,
1998; Hay et at., 1999; Wang et al., 1999; Wilby et at., 1999;
Stone et at, 2001); agriculture (Mearns et al., 1998, 1999,
2000a, 2001; Brown et at., 2000) and forest fires (Winton et
al., 1998). Prior to the past couple of years, these techniques
were mainly used in pilot studies focused on increasing the
temporal (and spatial) scale of scenarios (e.g., Mearns et al.,
1997; Semenov and Barrow, 1997).
One of the most important aspects of this work is
determining whether the high resolution scenario actually
leads to significantly different calculations of impacts
compared to that of the coarser resolution GCM from which
the high resolution scenario was partially derived. This aspect
is related to the issue of uncertainty in climate scenarios (see
Section 13.5). We provide examples of such studies below.
Application of high resolution scenarios produced from a
regional model (Giorgi et a!., 1998) over the Central Plains of
the USA produced changes in simulated crop yields that were
significantly different from those changes calculated from a
coarser resolution GCM scenario (Meams et at., 1998; 1999,
2001). For simulated corn in Iowa, for example, the large-scale
(GCM).scenario resulted in a statistically significant decrease
in yield, but the high resolution scenario produced an insignificant increase (Figure 13.5). Substantial differences in regional
economic impacts based on GCM and RCM scenarios were
also found in a recent integrated assessment of agriculture in
the south-eastern USA (Mearns et at., 2000a,b). Hay et at.
(1999), using a regression-based statistical downscaling
technique, developed downscaled scenarios based on. the
Hadley Centre Coupled AOGCM (HadCM2) transient runs and
applied them to a hydrologic model in three river basins in the
USA. They found that the standard scenario from the GCM
produced changes in surface runoff that were quite different
from those produced from the downscaled scenario (Figure
13.6),

13.4.2 Temporal Variability
The climate change information most commonly taken from
climate modelling experiments comprises mean monthly,
seasonal, or annual changes in variables of importance to impact
assessments. However, changes in climate will involve changes in
variability as well as mean conditions. As mentioned in Section
13.3 on baseline climate, the interannual variability in climate
scenarios constructed from mean changes in climate is most
commonly inherited from the baseline climate, not from the
climate change experiment. Yet, it is known that changes in
variability could be very important to most areas of impact assessment (Meams, t995; Semenov and Poner, 1995). The most
obvious way in which variability changes affect resource systems
is through the effect of variability change on the frequency of
extreme events. As Katz and Brown (1992) demonstrated,
changes in standard deviation have a proportionately greater effect
than changes in means on changes in the frequency of extremes.
However, from a climate scenario point of view, it is the relative
size of the change in the mean versus standard deviation of a
variable that determines the final relative contribution of these
statistical moments to a change in extremes. The construction of
scenalios incorporating extremes is discussed in Section 13.4.2.2.
The conventional method of constructing mean change
scenarios for precipitation using the ratio method (discussed in
Section 13.3) results in a change in variability of daily precipitation intensity; that is, the variance of the intensity is changed by a
factor of the square of the ratio (Mearns et a!., 1996). However, the
frequency of precipitation is not changed. Using the difference
method (as is common for temperature variables) the variance of
the time-series is not changed. Hence, from the perspective of
variability, application of the difference approach to precipitation
produces a more straightforward scenario. However, it can also
result in negative values of precipitation. Essentially neither
approach is realistic in its effect on the daily characteristics of the
time-series. As mean (monthly) precipitation changes, both the
daily intensity and frequency are usually affected.
13.4.2.1 Incorporation of changes in variability: dailv to
interannual time-scales
Changes in variability have not been regularly incorporated in
climate scenarios because: (1) less faith has been placed in climate
model simulations of changes in variability than of changes in
mean climate; (2) techniques for changing variability are more
complex than those for incorporating mean changes; and (3) there
may have been a perception that changes in means are more
important for impacts than changes in variability (Meams, 1995).
Techniques for incorporating changes in variability emerged in the
early 1990s (Mearns et at., 1992; Wilks, 1992; Woo, 1992;
Barrow and Semenov, 1995; Meams, 1995).
Some relatively simple techniques have been used to incorporate changes in interannual variability alone into scenarios. Such
techniques are adequate in cases where the impact models use
monthly climate data for input. One approach is to calculate
present day and future year-by-year anomalies relative to the
modelled baseline period, and to apply these anomalies (at an
annual, seasonal or monthly resolution) to the long-term mean
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Figure 13.5: Spatial pattern of differences (future climate minus baseline) in simulated corn yields based on two different climate change
scenarios for the region covering north-west Iowa and surrounding states (a) coarse spatial resolution GCM scenario (CSLRO); ( b) high spatial
resolution region climate model scenario (RegCM) (modified from Means et at., 1999).
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impacts of variability change on crop yields in Finland (Carter er
at, 2001Ya), and in the formation of climate scenarios for the
United States National Assessment, though in the latter case the
observed variability was retained for the historical period.
Another approach is to calculate the change in modelled
interannual variability between the baseline and future periods,
and then to apply it as an inflator or deflator to the observed
baseline interannual variability. In this way, modelled changes in
interannual variability are carried forward into the climate
scenario, but the observed baseline climate still provides the initial
definition of variability. This approach was initially developed in
Means et a!. (1992) and has recently been experimented with by
Amell (1999). However, this approach can produce unrealistic
features, such as negative precipitation or inaccurate autocorrelation structure of temperature, when applied to climate data on a
daily time-scale (Meams et at., 1996).

The major, most complete technique for producing scenarios
with changes in interannual and daily variability involves manipulation of the parameters of stochastic weather generators (defined
in Section 13.3.2). These are commonly based either on a Markov
chain approach (e.g., Richardson, 1981) or a spell length approach
(e.g., Racksko et at, 1991), and simulate changes in variability on
daily to interannual time-scales (Wilks, 1992). More detailed
information on weather generators is provided in Chapter 10,
Section 10.6.2.
To bring about changes in variability, the parameters of the
weather generator are manipulated in ways that alter the daily
variance of the variable of concern (usually temperature or preeipitation) (Katz, 1996). For precipitation, this usually involves
changes in both the frequency and intensity of daily precipitation.
By manipulating the parameters on a daily time-scale, changes in
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Figure 13.6: Differences in simulated runoff (m3/s) based on a stutislically downscaled climate scenario and a coarse resolution GCM
scenario (labelled Delia Change) for the Animas River Basin in
Colorado (modified from Hay et at., 1999). The downscaled range

(grey area) is based on twenty ensembles.

variability are also induced on the interannual time-scale (Wilks,
1992). Some weather generators operating at sub-daily timescales have also been applied to climate scenario generation (e.g.,
Kilsby et al., 1998).
A number of crop model simulations have been performed to
determine the sensitivity of crop yields to incremental changes in
daily and interannual variability (Barrow and Semenov, 1995;
Meams, 1995; Meams et at., 1996; Riha et at, 1996; Wang and
Erda, 1996; Ynocur et at., 2000). In most of these studies,
changes in variability resulted in significant changes in crop yield.
For example, Wang and Erda (1996) combined systematic
incremental changes in daily variance of temperature and precipi-
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tation with mean climate scenarios in their study of climate
change and com yields in China. They found that increases in the
variance of temperature and precipitation combined, further
decreased crop yields compared to the effect of the mean change
scenarios alone taken from several GCMs.
Studies using the variance changes in addition to mean
changes from climate models to form climate scenarios also
emerged in the past decade (Kaiser et at., 1993; Bates et a!. 1994).
For example, Bates et a!. (1994, 1996) adapted Wilks' (1992)
method and applied it to changes in daily variability from doubled
CO, runs of the Commonwealth Scientific and Industrial
Research Organisation (CSIRO) climate model (CSIRO9). They
then applied the changed time-series to a hydrological model.
Combined changes in mean and variability am also evident in a
broad suite of statistical downscaling methods (e.g., Katz and
Parlange, 1996; Wilby et al., 1998). See also Chapter 10, Section
10.6.3, for further discussion of statistical downscaling and
changes in variability.
In recent years, more robust and physically meaningful
changes in climatic variability on daily to interannual time scales
have been found in runs of GCMs and RCMs for some regions
(e.g., Gregory and Mitchell, 1995; Meams et al., 1995a,b;
Whetton et al., 1998a; Mearns, 1999; Boer et al., 2000). For
example, on both daily and interannual time-scales many models
simulate temperature variability decreases in winter and increases
in summer in northern mid-latitude land areas (see Chapter 9,
Section 9.3). This result is likely to encourage the further application of model-derived variability changes in climate scenario
construction.
The most useful studies, from the point of view of elucidating
uncertainty in climate scenarios and impacts, are those that
compare applying scenarios with only mean changes to those with
mean and variability change. Semenov and Barrow (1997) and
Meatus eral. (1997) used mean and variancechanges from climate
models, formed scenarios of climate change using weather genera-

temperature extremes. Note, however, that these results are not
contradictory since they concern two very different regions. More
generalised statements may be made regarding the importance of
change in the variability of precipitation from climate change
experiments for determining changes in the frequency of droughts
and floods (e.g., Gregory et al., 1997; Kothavala, 1999). As noted
in Chapters 9 and 10, high intensity rainfall events are expected to
increase in general, and precipitation variability would be
expected to increase where mean precipitation increases.
Other types of variance changes, on an interannual time-scale,
based on changes in major atmospheric circulation oscillations,
such as ENSO and North Atlantic Oscillation (NAO), are difficult
to incorporate into impact ass;ssments. The importance of the
variability of climate associated with ENSO phases for resources
systems such as agriculture and water resources have been well
demonstrated (e.g., Cane et al., 1994; Chiew et aL, 1998; Hansen
et at., 1998).
Where ENSO signals are strong, weather generators can be
successfully conditioned on ENSO phases; and therein lies the
potential for creating scenarios with changes in the frequency of
ENSO events. By conditioning on the phases, either discretely
(Wang and Connor, 1996) or continuously (Woolhiser et at,
1993), a model can be funned for incorporating chances in the
frequency and persistence of such events, which would then
induce changes in the daily (and interannual) variability of the
local climate sites. Weather generators can also be successfully
conditioned using NAO signals (e.g., Wilby, 1998). However, it
must be noted that there remains much uncertainty in how events
such as ENSO might change with climate change (Knutson, er a!.,
1997; Timmerman et a!., 1999; Walsh et al., 1999; see also
Chapter 9, Section 9.3.5, for further discussion on possible
changes in ENSO events). While there is great potential for the use
of conditioned stochastic models in creating scenarios of changed
variability, to date, no such scenario has actually been applied to
an impact model.

tors and applied them to crop models. In both studies important
differences in the impacts of climatic change on crop yields were
calculated when including the effect of variance change, compared
to only considering mean changes. They identified three key
aspects of changed climate relevant to the role played by change in
daily to interannual variability of climate: the marginality of the
current climate for crop growth, the relative size of the mean and
variance changes, and the timing of these changes.

It is difficult to generalise the importance of changes in
variability to climate change impacts since significance of
changes in variability is region, variable, and resource system
specific. For example, based on results of equilibrium control and
2xCO2 experiments of DARf.AM (a regional model developed in
Australia) nested within the CSIRO climate model over New
South Wales, Whetton et at. (1998a) emphasised that most of the
change in temperature extremes they calculated resulted from
changes in the mean, not through change in the daily variance. In
contrast, Meams (1999) found large changes (e.g., decreases in
winter) in daily variance of temperature in control and 2xCO,
experiments with a regional climate model (RegCM2) over the
Great Plains of the U.S. (Giorgi et al., 1998). These changes were
sufficient to make a significant difference in the frequency of daily

13.4.2.2 Other techniques for incorporating extremes into
climate scenarios
While the changes in both the mean and higher order statistical
moments (e.g., variance) of time-series of climate variables affect
the frequency of relatively simple extremes (e.g., extreme high
daily or monthly temperatures, damaging winds), changes in the
frequency of more complex extremes are based on changes in the
occurrence of complex atmospheric phenomena (e.g., hurricanes,
tornadoes, ice storms). Given the sensitivity of many exposure
units to the frequency of extreme climatic events (see Chapter 3 of
TAR WG ll, Table 3.10 ( Carter and La Rovere, 2001)), it would
be desirable to incorporate into climate scenarios the frequency
and intensity of some composite atmospheric phenomena associated with impacts-relevant extremes.
More complex extremes are difficult to incorporate into
scenarios for the following reasons: ( 1) high uncertainty on how
they may change (e.g., tropical cyclones); (2) the extremes may
not be represented directly in climate models ( e.g., ice storms);
and (3) straightforward techniques of how to incorporate changes
at a particular location have not been developed (e.g., tropical
cyclone intensity at Cairns, Australia).
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The ability of climate models to adequately represent
extremes partially depends on their spatial resolution (Skelly
and Henderson-Sellers, 1996; Osborn, 1997; Mearns, 1999).
This is particularly true for complex atmospheric phenomena
such as hurricanes (see Chapter 10, Box 10.2). There is some
very limited information on possible changes in the frequency
and intensity of tropical cyclones (Bengtsson et al., 1996;
Henderson-Sellers et al., 1998; Krishnamurti et at, 1998;
Knutson and Tuleya, 1999; Walsh and Ryan, 2000); and of
mid-latitude cyclones (Schubert et al., 1998), but these studies
are far from definitive (see Chapter 9, Section 9-3.6, and
Chapter 10 for discussion on changes of extremes with
changes in climate).
In the case of extremes that are not represented at all in
climate models, secondary variables may sometimes be used to
derive them. For example, freezing rain, which results in ice
storms, is not represented in climate models, but frequencies of
daily minimum temperatures on wet days might serve as useful
surrogate variables (Konrad, 1998).
An example of an attempt to incorporate such complex
changes into climate scenarios is the study of Mclnnes et al.
(2000), who developed an empirical/dynamical model that
gives return period versus height for tropical cyclone-related
storm surges for Cairns on the north Australian coast. To
determine changes in the characteristics of cyclone intensity,
they prepared a climatology of tropical cyclones based on data
drawn from a much larger area than Cairns locally. They
incorporated the effect of climate change by modifying the
parameters of the Gumbel distribution of cyclone intensity
based on increases in tropical cyclone intensity derived from
climate model results over a broad region characteristic of the
location in question. Estimates of sea level rise also
contributed to the modelled changes in surge height. Other new
techniques for incorporating such complex changes into
quantitative climate scenarios are yet to be developed.
13S Representing Uncertainty in Climate Scenarios

755
13.5.1.1 Specifying alternative emissiorts fumres
In previous IPCC Assessments, a small number of future
greenhouse gas and aerosol precursor emissions scenarios have
been presented (e.g., Leggett et at, 1992). In the current
Assessment, a larger number of emissions scenarios have been
constructed in the Special Report on Emissions Scenarios (SRES)
(NakiEenoviE er al., 2000), and the uncertain nature of these
emissions paths have been well documented (Morita and
Robinson, 2001). Climate scenarios constructed from equilibrium
GCM experiments alone (e.g., Howe and Henderson-Sellers,
1997; Smith and Pitts, 1997) do not consider this uncertainty, but
some assumption about the driving emissions scenario is required
if climate scenarios are to describe the climate at one or more
specified times in the future. This source of uncertainty is quite
often represented in climate scenarios (e.g., Section 13.5.2.1). ,
13.5.1.2 Uncertainties in converting emissions to concentrations
It is uncertain how a given emissions path converts into
atmospheric concentrations of the various radiatively active gases
or aerosols. This is because of uncertainties in processes relating
to the carbon cycle, to atmospheric trace gas chemistry and to
aerosol physics (see Chapters 3,4 and 5). For these uncertainties
to be reflected in climate scenarios that rely solely on GCM
outputs, AOGCMs that explicitly simulate the various gas cycles
and aerosol physics are needed. Al present, however, they are
seldom, if ever, represented in climate scenarios.
13.5.1.3 Uncettainties in converting concentrations to radiative
forcing
Even when presented with a given greenhouse gas concentration
scenario, there are considerable uncertainties in the radiative
forcing changes, especially aerosol forcing, associated with
changes in atmospheric concentrations. These uncertainties are
discussed in Chapters 5 and 6, but again usually remain unrepresented in climate scenarios.
13.5.1.4 Uncertainties in modelling the climate response to a
given forcing
An additional set of modelling uncertainties is introduced into

13.5.1 Key Uncertainties in Climate Scenarios
Uncertainties about future climate arise from a number of
different sources (see Figure 13.2) and are discussed
extensively throughout this volume. Depending on the climate
scenario construction method, some of these uncertainties will
be explicitly represented in the resulting scenario(s), while
others will be ignored (]ones, 2000a). For example, scenarios
that rely on the results from GCM experiments alone may be
able to represent some of the uncertainties that relate to the
modelling of the climate response to a given radiative forcing,
but might not embrace uncertainties caused by the modelling of
atmospheric composition for a given emissions scenario, or
those related to future land-use change. Section 13.5.2 therefore
assesses different approaches for representing uncertainties in
climate scenarios. First, however, five key sources of
uncertainty, as they relate to climate scenario construction, are
very briefly described. Readers are referred to the relevant
IPCC chapters for a comprehensive discussion.

climate scenarios through differences in the global and regional
climate responses simulated by different AOGCMs for the same
forcing. Different models have different climate sensitivities (see
Chapter 9, Section 9.3.4.1), and this remains a key source of
uncertainty for climate scenario construction. Also important is
the fact that different GCMs yield different regional climate
change patterns, even for similar magnitudes of global warming
(see Chapter 10). Furthermore, each AOGCM simulation includes
not only the response (i.e., the "signal") to a specified forcing, but
also an unpredictable component (i.e., the "noise") that is due to
internal climate variability. This latter may itself be an imperfect
replica of true climate variability (see Chapter 8). A fourth source
of uncertainty concerns important processes that are missing from
most model simulations. For instance AOGCM-based climate
scenarios do not usually allow for the effect on climate of future
land use and land cover change (which is itself, in part, climatically induced). Although the first two sources of model
uncertainty - different climate sensitivities and regional climate
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change patterns - are usually represented in climate scenarios, it
is less common for the third and fourth sources of uncertainty the variable signal-to-noise ratio and incomplete description of
key processes and feedbacks - to be effectively treated.

1993; Parry et al., 1996; Risbey, 1998; Jones, 1999; Hulme and
Carter, 2000). The remainder of this section assesses four aspects
of climate scenario development that originate from this concern
about adequately representing uncertainty:

13.5.1.5 Uncertainties in convening model response into inputs
for impact studies
Most climate scenario construction methods combine modelbased estimates of climate change with observed climate data
(Section 13.3). Further uncertainties are therefore introduced into
a climate scenario because observed data sets seldom capture the
full range of natural decadal-scale climate variability, because of
errors in gridded regional or global baseline climate data sets, and
because different methods are used to combine model and
observed climate data. These uncertainties relating to the use of
observed climate data are usually ignored in climate scenarios.
Furthermore, regionalisation techniques that make use of information from AOGCM and RCM experiments to enhance spatial and
temporal scales introduce additional uncertainties into regional
climate scenarios (their various advantages and diasdvantages are
assessed in Chapter 10 and in Section 13.4). These uncertainties
could be quantified by employing a range of regionalisation
techniques, but this is rarely done.

1. scaling climate response patterns across a range of forcing
scenarios;
2. defining appropriate climate change signals;
3. risk assessment approaches;
4. annotation of climate scenarios to reflect more qualitative
aspects of uncertainty.

13.5.2 Approaches for Representing Uncertainties
There are different approaches for representing each of the above
five generic sources of uncertainty when constructing climate
scenarios. The cascade of uncertainties, and the options for
representing them at each of the five stages, can result in a wide
range of climate outcomes in the finally constructed scenarios
(Henderson-Sellers, 1996; Wigley, 1999; Visser et al., 2000).
Choices are most commonly made at the stage of modelling the
climate response to a given forcing, where it is common for a set
of climate scenarios to include results from different GCMs. In
practice, this sequential and conditional approach to representing
uncertainty in climate scenarios has at least one severe limitation:
at each stage of the cascade, only a limited number of the
conditional outcomes have been explicitly modelled. For
example, GCM experiments have used one, or only a small
number, of the concentration scenarios that are plausible (for
example, most transient AOGCM experiments that have been
used for climate scenarios adopted by impacts assessments have
been forced with a scenario of a 1% per annum growth in
greenhouse gas concentration). Similarly, regionalisation
techniques have been used with only a small number of the GCM
experiments that have been conducted. These limitations restrict
the choices that can be made in climate scenario construction and
mean that climate scenarios do not fully represent the uncertainties inherent in climate prediction.
In order to overcome some of these limitations, a range of
techniques has been developed to allow more flexible treatment of
the entire cascade of uncertainty. These techniques manipulate or
combine different modelling results in a variety of ways. If we are
truly to assess the risk of climate change being dangerous, then
impact and adaptation studies need scenarios that span a very
substantial part of the possible range of future climates (Pittock,

13.5.2.1 Scaling climate model response panerns
Pattem .scaling methods allow a wider range of possible future
forcings (e.g., the full range of IS92 (Leggett et at., 1992) or SIZES
emissions scenarios) and climate sensitivities (e.g., the 1.5°C to
4.5°C IPCC range) to be represented in climate scenarios than if
only the direct results from GCM experiments were used. The
approach involves normalising GCM response patterns according
to the global mean temperature change (although in some cases
zonal mean temperature changes have been used). These
normalised patterns are then resealed using a scalar derived from
simple climate models and representing the particular scenario
under consideration.
This pattern-scaling method was first suggested by Santer et
al. (1990) and was employed in the IPCC First Assessment Report
to generate climate scenarios for the year 2030 (Mitchell et a!.,
1990) using patterns from 2xCO2 GCM experiments. It has
subsequently been widely adopted in climate scenario generators
(CSGs), for example in ESCAPE (Rotmans et at, 1994),
IMAGE-2 (Alcamo et al., 1994), SCENGEN (Hulme et al.,
1995a,b), SILMUSCEN (Carter et al., 1995, 1996a), COSMIC
(Schlesinger el at, 1997) and CLIMPACTS (Kenny et at, 2000).
A climate scenario generator is an integrated suite of simple
models that takes emissions or forcing scenarios as inputs and
generates geographically distributed climate scenarios combining
response patterns of different greenhouse gases from GCMs with
observational climate data. CSGs allow multiple sources of
uncertainty to be easily represented in the calculated scenarios,
usually by using pattern-scaling methods.
Two fundamental assumptions of pattem-scaling are, first, that
the defined GCM response patterns adequately depict the climate
"signal" under anthropogenic forcing (see Section 13.5.2.2) and,
second, that these response patterns are representative across a
wide range of possible anthropogenic forcings. These assumptions
have been explored by Mitchell et at. (1999) who examined the
effect of scaling decadal, ensemble mean temperature and precipitation patterns in the suite of HadCM2 experiments. Although
their response patterns were defined using only 10-year means,
using four-member ensemble means improved the performance of
the technique when applied to reconstructing climate response
patterns in AOGCM experiments forced with alternative scenarios
(see Figure 13.7). This confirmed earlier work by Oglesby and
Saltzman (1992), among others, who demonstrated that temperature response patterns derived from equilibrium GCMs were fairly
uniform over a wide range of concentrations, scaling linearly with
global mean temperature. The main exception occurred in the
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Figure 13.7: Pattern correlations between the decadal ensemble mean
temperature (Northern Hemisphere only) from the HadCM2 expeoment forced with a 0,5%/yr increase in greenhouse gas concentrations
(Gd) and: the scaled ensemble mean pattern (solid line); the four
scaled individual ensemble member patterns -avemge cocfficient
(dashed line); and the scaled ensemble mean pattern derived from the
HadCM2 experiment forced with a 1%/yr increase in greenhouse gas
concentrations (Ga) (dotted line). The correlations increase with time
as the pattern of greenhouse gas response (the "signal") increasingly
dominates the random effects of internal climate variability (the
"noise"). The shaded area shows the spread of correlations between the
pairs of the individual members of the Gd ensemble; these correlations
are lower than those between the realised and scaled patterns above,
indicating that the scaled pattern is not due to internal climate
variability. (Source: Mitchell era]., 1999.)

regions of enhanced response near sea ice and snow margins.
Mitchell et al, (1999) concluded that the uncertainties introduced
by scaling ensemble decadal mean temperature patterns across
different forcing scenarios are smaller than those due to the
model's internal variability, although this conclusion may not hold
for variables with high spatial variability such as precipitation.
Two situations where the pattern-scaling techniques may
need more cautious application are in the cases of stabilisation
forcing scenarios and heterogenous aerosol forcing. Whetton et
at. (1998b) have shown that for parts of the Southern
Hemisphere a highly non-linear regional rainfall response was
demonstrated in an AOGCM forced with a stabilisation scenario,
a response that could not easily be handled using a linear
pattern-scaling technique, In the case of heterogeneous forcing,
similar global mean wannings can be associated with quite
different regional patterns, depending on the magnitude and
pattern of the aerosol forcing. Pattern-scaling using single global
scalars is unlikely to work in such cases. There is some evidence,
however, to suggest that separate greenhouse gas and aerosol
responso patterns can be assumed to be additive (Rantaswamy
and Chen, 1997) and pattern-scaling methods have subsequently
been adapted by Schlesinger et at. (1997, 20W) for the case of
heterogeneously forced scenarios. This is an area, however,
where pour signal-to-noise ratios hamper the application of the
technique and caution is advised.

The above discussion demonstrates that pattern-scaling
techniques provide a low cost alternative to expensive AOGCM
and RCM experiments for creating a range of climate scenarios
that embrace uncertainties relating to different emissions, concentration and forcing scenarios and to different climate model
responses. The technique almost certainly performs best in the
case of surface air temperature and in cases where the response
pattern has been constructed so as to maximise the signal-to-noise
ratio. When climate scenarios are needed that include the effects
of sulphate aerosol forcing, regionally differentiated response
patterns and scalars must be defined and signal-to-noise ratios
should be quantified. It must be remembered, however, that while
these techniques are a convenient way of handling several types of
uncertainty simultaneously, they introduce an uncertainty of their
own into climate scenarios that is difficult to quantify. Little work
has been done on exploring whether patterns of change in interannual or inter-daily climate variability are amenable to scaling
methods.
13.5.2.2 Defining climate change signals
The question of signal-to-noise ratios in climate model simulations was alluded to above, and has also been discussed in
Chapters 9 and 12. The treatment of "signal" and "noise" in
constructing climate scenarios is of great importance in
interpreting the results of impact assessments that make use of
these scenarios. If climate scenarios contain an unspecified
combination of signal plus noise, then it is important to recognise
that the impact response to such scenarios will only partly be a
response to anthropogenic climate change; an unspecified part of
the impact response will be related to natural internal climate
variability. However, if the objective is to specify the impacts of
the anthropogenic climate signal alone, then there are two possible
strategies for climate scenario construction:
• attempt to maximise the signal and minimise the noise;
• do not try to disentangle signal from noise, but supply impact
assessments with climate scenarios containing both elements
and also companion descriptions of future climate that contain
only noise, thus allowing impact assessors to generate their own
impact signal-to-noise ratios (Ilulme er a!., 1999a).

The relative strength of the signal-to-noise ratio can be
demonstrated in a number of ways. Where response patterns are
reasonably stable over time, this ratio can be maximised in a
climate change scenario by using long (30-year or more)
averaging periods. Alternatively, regression or principal
component techniques may be used to extract the signal from the
model response (Hennessy et a!., 1998). A third technique is to
use results from multi-member ensemble simulations, as first
performed by Cubasch et al. (1994). Sampling theory shows that
in such simulations the noise is reduced by a factor of ^(n), where
n is the ensemble size. Using results from the HadCM2 fourmember ensemble experiments, Giorgi and Francisco (2000), for
example, suggest that uncertainty in future regional climate
change associated with internal climate variability at subcontinental scales (l01 km2), is generally smaller than the
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uncertainty associated with inter-model or forcing differencesThis conclusion is scale- and variable-dependent, however (see
Chapter 9, Figunce 9-4; see also Rifismen, 1999), and the inverse
may apply at the smaller scales (IW to I W km7) at which many
impact assessments me conducted. Further work is needed on
resolving this issue for climate scenario construction purposes.
A different way of maxamising the climate change signal is to
compare the responses of single realisations from experiments
completed using different models. If the error for different models
is random with zero mom, then sampling theory shows that this
model average will yield a better estimate of the signal than my
single model realisation. Ths approach was first suggested in die
context of climate scenarios by Sauter et at. (1990) and is
illustrated further in Chapter 9, Section 9.2.2. Treating different
GCM simulations in this way, i.e., as members of a mulfi-model
ensemble, is one way of defining a more robust climate change
signal, either for use in pattem-scaling techniques or directly in

constructing a climate seenario.The approach has been discussed
by Raislinen (1997) and used recently by Wigley (1999), Hulme
and Carter (2000; see Figure 13.8) and Caner et al. (20DOb) in
providing regional chasacterisations of the SPES emissions
scenarios.
The second strategy requires that the noise component be
defined explicitly. This can be done by relying either on observed
climate data or on model-simulated natural climate variability
(Huhne er al., 1999a; Carter or al., 2000b), Neither approach is
ideal. Observed climate data may often be of short duration and
therefore yield a biased estimate of the noise. Muld-decarlad
internal climate variability can be extracted from multi-centuTY
unforced climate simulations such as those performed by a
number of modelling groups (e.g., Sitruffer cc id., 1994; Tott et al.,
1997; von Starch et of, 1997). In using AOGCM output in this
way, it is important not only to demonstrate that chose unforced
simulations do not drift significantly (Osborn, 1996), but also to
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evaluate the extent to which model estimates of low-frequency
variability are comparable to those estimated from measured
climates (Osbom et al., 2000) or reconstructed palacoclimates
(Jones et al., 1998). Furthermore, anthropogenic forcing may alter
the characterof multi-decadal climate variability and therefore the
noise defined from model control simulations may not apply in
the future.
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73.5.2.3 Risk assessment approaches
Uncertainty analysis is required to perform quantitative risk or
decision analysis (see Toth and Mwandosya (2001) for discussion of decision analysis). By itself, scenario analysis is not
equivalent to uncertainty analysis because not all possible
scenarios are necessarily treated and, especially, because
probabilities are not attached to each scenario (see Morgan and
Henrion ( 1990) for a general treatment of uncertainty analysis;
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see Katz ( 2000) for a more recent overview focusing on climate
change). Recognising this limitation, a few recent studies (Jones,
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2000b; New and Hulme, 2000) have attempted to modify climate
scenario analysis, grouping a range of scenarios together and
attaching a probability to the resultant classes. Such an approach
can be viewed as a first step in bridging the gap between scenario

(b)
6.0

and uncertainty analysis. Single climate scenarios, by definition,
are limited to plausibility with no degree of likelihood attached.
Since risk analysis requires that probabilities be attached to each
climate scenario, subjective probabilities can be applied to the

5.0

input parameters that determine the climate outcomes (e.g.,
emissions scenarios, the climate sensitivity, regional climate
response patterns), thus allowing distributions of outcomes to be
formally quantified.
In formal risk analysis, the extremes of the probability distribution should encompass the full range of possible outcomes,
although in climate change studies this remains hard to achieve.
The ranges for global warming and sea level rise from the IPCC
WGI Second Assessment Report (IPCC, 1996) (hereafter SAR),
for example, deliberately did not encompass the full range of
possible outcomes and made no reference to probability distributions. As a consequence, the bulk of impact assessments have
treated these IPCC ranges as having a uniform probability, i.e.,
acting as if no information is available about what changes are

1.0

more likely than others. As pointed out by Titus and Narayanan
(1996), Jones ( 1998, 2000a), and Parkinson and Young ( 1998),

^
<50 <60 <70 <60 <90 <95 <100

however, where several sources of uncertainty are combined, the

Percentage probability

resulting probability distribution is not uniform but is a function
of the component probability distributions and the relationship
between the component elements. For example, descriptions of
regional changes in temperature and rainfall over Australia
constructed from regional response patterns have been used in a
number of hydrological studies where the extreme outcomes
have been considered as likely as outcomes in the centre of the
range (e.g., Chiew et at., 1995; Schreider et al., 1996; Whetton,
1998). However, when the two component ranges - global
warming and normalised local temperature and rainfall change are randomly sampled and then multiplied together, they otfer a
distinctly non-uniform distribution ( see Figure 13.9a). Further
refinements of these approaches for quantifying the risk of
climate change are needed (New and Hulme, 2000).

Figure 13.9: (a) Projected ranges of regional annual temperature and
rainfall change for inland southem Australia in 2100 extrapolated from
CSIRO (1996) with temperature sampled randomly across the projected
ranges of both global and normalised regional warming and then
multiplied together. Projected regional ranges for normalised seasonal
rainfall change were randomly sampled, multiplied by the randomly
sampled global warming as abovc, and then averaged. The resulting
probability density surface reveals the likelihood of different climate
change outcomes for this region; (b) Response surface of irrigation
demand for the same region superimposed on projected climate changes
as fal. showing the likelihood of exceeding an annual allocation of
irrigation water supply. Risk can be calculated by summing the
probabilities of all climates below a given level of annual exceedance of
annual water supply; e.g.. 50%, or exceedance of the annual water limit
in at least one of every two years. (Source: Jones, 2000b.)
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This approach to portraying uncertainty has potentially useful
applications when combined with climate impact sensitivity
response surfaces (see Section 13.2.1; see also Chapter 3 of TAR
WG 11 (Carter and La Rovere, 2001)). The superimposed
response surfaces allow the calculation of probabilities for
exceeding particular impact thresholds (Figure 13.9b). Another
method of assessing risk using quantified probability distributions is through a series of linked models such as those used for
calculating sea level rise (Titus and Narayanan, 1996) and
economic damage due to sea level rise (Yohe and Schlesinger,
1998), for quantifying climate uncertainty (Visser et al., 2000),
and in integrated assessments (Morgan and Dowlatabadi, 1996).
Efforts to make explicit probabilistic forecasts of the climate
response to a given emissions scenario for the near future have
been made using the current observed climate trajectory to
constrain the "forecasts" from several GCMs (Allen et at, 2000).
More details on this technique are given in Section 12.4.3.313.5.2.4 Annotation of climate scenarios
Even if quantifiable uncertainties are represented, further
uncertainties in climate scenarios may still need to be
documented or explicitly treated. These include the possible
impact on scenarios of errors in the unforced model simulation,
the possibility that current models cannot adequately simulate the
enhanced greenhouse response of a climatic feature of interest, or
inconsistencies between results of mode] simulations and
emerging observed climatic trends. For these reasons climate
scenarios are often annotated with a list of caveats, along with
some assessment as to their importance for the scenario user.
When choosing which GCM(s) to use as the basis for climate
scenario construction, one of the criteria that has often been used
is the ability of the GCM to simulate present day climate. Many
climate scenarios have used this criterion to assist in their choice
of GCM, arguing that GCMs that simulate present climate more
faithfully are likely to simulate more plausible future climates
(e.g., Whetton and Pittock, 199 t, Robock et al., 1993; Risbey and
Stone, 1996; Gyalistras et cit., 1997; Smith and Pitts, 1997; Smith
and Hulme, 1998; Lal and Harasawa, 2000). A good simulation
of present day climate, however, is neither a necessary nor a
sufficient condition for accurate simulation of climate change
(see Chapter 8). It is possible, for example, that a model with a
poor simulation of present day climate could provide a more
accurate simulation of climate change than one which has a good
simulation of present climate, if it contains a better representation
of the dominant feedback processes that will be initiated by
radiative forcing. While such uncertainties are difficult to test,
useful insights into the ability of models to simulate long-term
climate change can also be obtained by comparing model simulations of the climate response to past changes in radiative forcing
against reconstructed paleoclimates.
This approach to GCM selection, however, raises a number of
questions. Over which geographic domain should the GCM be
evaluated - the global domain or only over the region of study?
Which climate variables should be evaluated - upper air synoptic
features that largely control the surface climate, or only those
climate variables, mostly surface, that are used in impact studies?
Recent AOGCMs simulate observed 1961 to 1990 mean climate
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more faithfully than earlier GCMs (Kittel el al., 1998; see also
Chapter 8), but they still show large errors in simulating interannual climate variability in some regions (Giorgi and Francisco,
2000; Lal et a!., 2000) and in replicating ENSO-like behaviour in
the tropics (Knutson et at, 1997). These questions demonstrate
that there is no easy formula to apply when choosing GCMs for
climate scenario construction; there will always be a role for
informed but, ultimately, individual judgement. This judgement,
however, should be made not just on empirical grounds (for
example, which model's present climate correlates best with
observations) but also on the basis of understanding the reasons
for good or bad model performance, particularly if those reasons
are important for the particular scenario application.
Several examples of such annotations can be given. Lai and
Giorgi (1997) suggested that GCMs that cannot simulate the
observed interannual variability of the Indian monsoon correctly
should not be used as the basis for climate scenarios. Giorgi et al.
(1998) commented that model-simulated spring temperatures over
the USA Central Plains were too cold in both the CSIRO GCM
and in the CSIRO-driven RegCM2 control simulations and
affected the credibility of the ensuing temperature climate
scenarios. Finally, scenarios prepared for the Australian region
have often been accompanied by the note that ENSO is an
important component of Australian climate that may change in the
future, but that is not yet adequately simulated in climate models
(e.g., Hennessy et al., 1998). Expert judgment can also be used to
place confidence estimates on scenario ranges (Morgan and Keith,
1995). For example, Jones et al. (2000) placed "high confidence"
on the temperature scenarios (incorporating quantifiable
uncertainty) prepared for the South Pacific, but only "moderate to
low confidence" in the corresponding rainfall scenarios.
13.6 Consistency of Scenario Components
This section discusses some of the caveats of climate scenario
development and focuses on the need for consistency in
representing different physical aspects of the climate system. It
does not discuss the many possible inconsistencies with respect
to socio-economic issues in scenario development. Chapter 3 of
the TAR WG II (Caner and La Rovere, 2001) and Chapter 2 of
the TAR WG III (Morita and Robinson, 2001) provide a detailed
treatment of these issues. Three common inconsistencies in
applying climate scenarios are discussed, concerning the
representation of ambient versus equivalent COZ concentrations,
biosphereocean-atmosphere interactions and time lags between
sea level rise and temperature change.
The climate system consists of several components that
interact with and influence each other at many different temporal
and spatial scales (see Chapter 7). This complexity adds further
constraints to the development of climate scenarios, though their
relevance is strongly dependent on the objectives and scope of the
studies that require scenarios. Most climate scenarios are based
on readily available climate variables (e.g., from AOGCMs) and,
where these are used in impact assessments, studies are often
restricted to an analysis of the effects of changes in climate alone.
However, other related environmental aspects may also change,
and these are often neglected or inadequately represented, thus
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potentially reducing the comprehensiveness of the impact assessment. Furthermore, some feedback processes that are seldom
considered in AOGCM simulations, may modify regional
changes in climate (e.g., the effect of climate-induced shifts in
vegetation on albedo and surface roughness).
Concurrent changes in atmospheric concentrations of gases
such as C02, sulphur dioxide (SO2) and ozone (03) can have
important effects on biological systems. Studies of the response of
biotic systems require climate scenarios that include consistent
information on future levels of these species. For example, most
published AOGCM simulations have used CO,-equivalent
concentrations to represent the combined effect of the various
gases. Typically, only an annual 1% increase in COZ-equivalent
concentrations, which approximates changes in radiative forcing
of the tS92a emission scenario (Leggett et at, 1992), has been
used. However, between 10 and 40% of this increase results from
non-CO, greenhouse gases (Alcamo et al., 1995). The assumption
that CO2 concentrations equal COz-equivalent concentrations
(e.g., Schimel et a!., 1997; Walker et al., 1999) has led to an
exaggeration of direct CO, effects. If impacts are to be assessed
more consistently, proper CO2 concentration levels and CO,
equivalent climate forcing must be used. Many recent impact
assessments that recognise these important requirements (e.g.,
Leemans et al., 1998; Prinn et al., 1999; Downing et al., 2000)
make use of tools such as scenario generators (see Section
13.5.2.)) that explicitly treat atmospheric trace gas concentrations.
Moreover, some recent AOGCM simulations now discriminate
between the individual forcings of different greenhouse gases (see
Chapter 9, Table 9.1)
The biosphere is an important control in defining changes in
greenhouse gas concentrations. Its surface characteristics, such as
albedo and surface roughness, further influence climate patterns.
Biospheric processes, such as COZ-sequestration and release,
evapotranspiration and land-cover change, are in turn affected by
climate. For example, warming is expected to result in a poleward
expansion of forests (IPCC, 1996b). This would increase
biospheric carbon storage, which lowers future CO2 eoncentratlons and change the surface albedo which would directly affect
climate. A detailed discussion of the role of the biosphere on
climate can be found elsewhere (Chapters 3 and 7), but there is a
clear need for an improved treatment of biospheric responses in
scenarios that are designed for regional impact assessment. Some
integrated assessment models, which include simplifications of
many key biospheric responses, are beginning to provide consistent information of this kind (e.g., Alcamo et a!., 1996, 1998;
Harvey et al., 1997; Xiao et at, 1997; Goudriaan et at, 1999).
Another important input to impact assessments is sea level tise.
AOGCMs usually calculate the thermal expansion of the oceans
directly, but this is only one component of sea level rise (see
Chapter 11). Complete calculations of sea level rise, including
changes in the mass balance of ice sheets and glaciers, can be
made with simpler models (e.g., Raper et al., 1996), and the
transient dynamics of sea level rise should be explicitly calculated
because the responses are delayed (Warrick et al., 1996). However,
the current decoupling of important dynamic processes in most
simple models could generate undesirable inaccuracies in the
resulting scenarios.
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Climate scenario generators can comprehensively address
some of these inconsistencies. Full consistency, however, can only
be attained through the use of fully coupled global models (earth
system models) that systematically account for all major processes
and their interactions, but these are still under development.
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Executive Summary
Further work is required to improve the ability to detect, attribute,
and understand climate change, to reduce uncertainties, and to
project future climate changes, In particular, there is a need for
additional systematic observations, modelling and process
studies. A serious concern is the decline of observational
networks. Further work is needed in eight broad areas:
• Reverse the decline of observational networks in many pans of
the world. Unless networks are significantly improved, it may
be difficult or impossible to detect climate change over large
parts of the globeSustain and expand the observational foundation for climate
studies by providing accurate, long-term, consistent data
including implementation of a strategy for integrated global
observations. Given the complexity of the climate system and
the inherent multi-decadal time-scale, there is a need for longterm consistent data to support climate and environmental
change investigations and projections. Data from the present
and recent past, climate-relevant data for the last few centuries,
and for the last several millennia are all needed. Them is a
particular shortage of data in polar regions and data for the
quantitative assessment of extremes on the global scale.
• Understand better the mechanisms and factors leading to
changes in radiative forciug; in particalar, improve the observations of the spatial distribution of greenhouse gases and
aerosols. It is particularly important that improvements are
realised in deriving concentrations from emissions of gases and
particularly aerosols, and in addressing biogeochemical sequestration and cycling, and specifically, in determining the spatialtemporal distribution of carbon dioxide (COI) sources and sinks,
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compounds the difficulty of distinguishing signal and noise.
With respect to the long-term natural variability in the Climate
system per se, it is important to understand this variability
and to expand the emerging capability of predicting patterns
of organised variability such as El Nino-Southern Oscillation
(ENSO). This predictive capability is both a valuable test of
model performance and a useful contribution in natural
resource and economic management.
Improve methods to quantify uncertainties of climate projections and scenarios, including developtnent and exploration
of long-term ensemble simulations using complex modelsThe climate system is a coupled non-linear chaotic system,
and therefore the long-term prediction of future climate states
is not possible. Rather the focus must be upon the prediction
of the probability distribution of the system's future possible
states by the generation of ensembles of model solutions.
Addressing adequately the statistical nature of climate is
computationally intensive and requires the application of new
methods of model diagnosis, but such statistical information
is essential.
•Improve the integrated hierarchy of global and regional
climate models with a focus on the simulation of climate
variability, regional climate changes, and extreme events.
There is the potential for increased understanding of extremes
events by employing regional climate models; however, there
are also challenges in realising this potential. It will require
improvements in the understanding of the coupling between
the major atmospheric, oceanic, and terrestrial systems, and
extensive diagnostic modelling and observational studies that
evaluate and improve simulation performance. A particularly
important issue is the adequacy of data needed to attack the
question of changes in extreme events.

currently and in the future. Observations are needed that would
decisively improve our ability to model the carbon cycle; in

Link models of the physical climate and the biogeochemical

addition, a dense and well-calibrated network of stations for

system more effectively, and in turn improve coupling with

monitoring CO, and oxygen (O,) concentrations will also be
required for international verification of carbon sinks.

descriptions of human activities. At present, human
influences generally are treated only through emission

improvements in deriving concentrations from emissions of gases
and in the prediction and assessment of direct and indirect aerosol

scenarios that provide external forcings to the climate system.
In future more comprehensive models, human activities need

forcing will require an integrated effort involving in situ observa-

to begin to interact with the dynamics of physical, chemical,

tions, satellite remote sensing, field campaigns and modelling.

and biological sub-systems through a diverse set of
contributing activities, feedbacks, and responses.

• Understand and characterise the important unresolved
processes and feedbacka, both physical and biogeochemical,
in the climate system. Increased understanding is needed to
improve prognostic capabilities generally. The interplay of
observation and models will be the key for progress. The
rapid forcing of a non-linear system has a high prospect of
producing surprises.
• Address more completely patterns of long-term climate
variability including the occurrence of extreme events. This
topic arises both in model calculations and in the climate
system. In simulations, the issue of climate drift within model
calculations needs to be clarified better in part because it

Cutting across these foci are crucial needs associated with
strengthening international co-operation and co-ordination in
order to utilise better scientific, computational, and observational resources. This should also promote the free exchange of
data among scientists. A special need is to increase the observational and research capacities in many regions, particularly in
developing countries. Finally, as is the goal of this assessment,
there is a continuing imperative to communicate research
advances in terms that are relevant to decision making.
The challenges to understanding the Earth system, including
the human component, are daunting, but these challenges
simply must be met.
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14.1 Introduction
There has been encouraging progress over this first decade of the
IPCC process. We understand better the coupling of the
atmosphere and ocean. Significant steps have been taken in linking
the atmosphere and the terrestrial systems although the focus tends
to be on water-energy and the biosphere with fixed vegetation
patterns. Even so, revealing and unexpected teleconnections are
being discovered; moreover, progress is being made towards
model structures and data sets that will allow implementation of
coupled atmosphere-ocean-terrestrial models that include key
biological-biogeochemical feedbacks. There is also encouraging
progress in developing integrated assessment models that couple
economic activity, with associated emissions and impacts, with
models of the biogeochemical and climate systems. This work
has yielded preliminary insights into system behaviour and key
policy-relevantuncettainties.
The challenges are significant, but the record of progress
suggests that within the next decade the scientific community
will develop fully coupled dynamical (prognostic) models of the
full Earth system (e.g., the coupled physical climate, biogeochemical, human sub-systems) that can be employed on multidecadal time-scales and at spatial scales relevant to strategic
impact assessment. Future models should certainly advance in
completeness and sophistication; however, the key will be to
demonstrate some degree of prognostic skill. The strategy will be
to couple the biogeochemical-physical climate system to
representations of key aspects of the human system, and then to
develop more coherent scenarios of human actions in the context
of feedbacks from the biogeochemical-physical climate system.
Developing these coupled models is an important step. From
the perspective of understanding the Earth system, determining
the nature of the link between the biogeochemical system and the
physical climate system represents a fundamental scientific goal.
Present understanding is incomplete, and a successful attack will
require extensive interdisciplinary collaboration. It will also
require global data that clearly document the state of the system
and how that state is changing as well as observations to illuminate important processes more clearly.

14.2 The Climate System
14.2.1 Overview
Models of physical processes in the ocean and atmosphere
provide much of our current understanding of future climate
change. They incorporate the contributions of atmospheric
dynamics and thermodynamics through the methods of computational fluid dynamics. This approach was initially developed in
the 1950s to provide an objective numerical approach to weather
prediction. It is sometimes forgotten that the early development
of "supercomputers° at that time was motivated in large part by
the need to solve this problem. In the 1960s, versions of these
weather prediction models were developed to study the "general
circulation" of the atmosphere, i.e., the physical statistics of
weather systems satisfying requirements of conservation of mass,
momentum, and energy. To obtain realistic simulations, it was
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found necessary to include additional energy sources and sinks:
in particular, energy exchanges with the surface and moist
atmospheric processes with the attendant latent heat release and
radiative heat inputs.
Development of models for the general circulation of the
ocean started later, but has proceeded in a similar manner. Models
that deal with the physics of the oceans have been developed and
linked to models of the atmospheric system. Within ocean models,
the inclusion of geochemical and biological interactions has
begun, with a focus upon the carbon cycle. Since the late 1960s,
the geochemical aspects of the carbon cycle have been included in
low-dimensional box models. More recently, including the carbon
chemistry system in general circulation models has simply been a
question of allocation of computing resources. Modelling of the
biological system, however, has been more challenging, and it has
only been recently that primitive ecosystem models have been
incorporated in global general circulation ocean models. Even
though progress has been significant, much remains to be done.
Eddy-resolving ocean models with chemistry and biology need to
be tested and validated in a transient mode, and the prognostic
aspects of marine ecosystems including nutrient dynamics need
greater attention at basin and global scales.
Model development for the ocean and atmosphere has had a
fundamental theoretical advantage: it is based on firmly
established hydrodynamic equations. At present there is less
theoretical basis for a "first principles" development of the
dynamical behaviour of the terrestrial system. There is a need to
develop a fundamental methodology to describe this very heterogeneous and complex system. For the moment, it is necessary to
rely heavily upon parametrizations and empirical relationships.
Such reliance is data intensive and hence independent validation
of terrestrial system models is problematical. In spite of these
difficulties, a co-ordinated strategy has been developed to
improve estimates of terrestrial primary productivity and respiration by means of measurement and modelling. The strategy has
begun to yield dividends. Techniques from statistical mechanics
have been wedded to biogeochemistry and population ecology,
yielding new vegetation dynamic models. Global terrestrial
models at meso-spatial scales (roughly 50 km grids) now exist
which capture complex ecophysiological processes and
ecosystem dynamics.
Expanded efforts are needed in these domain-specific
models. In the ocean, we need to consider better the controls on
thermohaline circulation, on potential changes in biological
productivity, and on the overall stability of the ocean circulation
system. Within terrestrial systems the question of the carbon
sink-source pattern is central: what is it and how might it change?
Connected to this question is the continued development of
dynamic vegetation models, which treat competitive processes
within terrestrial ecosystems and their response to multiple
stresses. And for the atmosphere, a central question has been, is,
and likely will be the role of clouds. Also, there is a corresponding non-linearity associated with change in the distribution and
extent of sea ice. Further increased efforts will be needed in
linking terrestrial ecosystems with the atmosphere, the land with
the ocean, the ocean (and its ecosystems) with the atmosphere,
the chemistry of the atmosphere with the physics of the
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atmosphere, and finally linking the human system to them all.
Such models will also need to be able to highlight different
regions with increased spatial and temporal detail.
Models, however, depend upon high quality data. Data allow
hypotheses about processes and their linkages to be rejected or to
be given increased consideration. Giving formal (e.g., quantitative) expression to processes is at the heart of the scientific
enterprise. Such expressions reflect our knowledge and form the
basis for models. Models are simply formal expressions of
processes and how they fit together. And all rest upon data.
Models are of limited use without observations; the value of
observations increases by interaction with models. Systematic
global observations are an essential underpinning of research to
improve understanding of the climate system. For numerous
applications in climate-impact research, information about the
complex nature of the system is needed. Unfortunately, there
continue to be justifiable concerns about the loss of some
monitoring of climate parameters and deterioration of coverage.
There is a basic need for more observations with better coverage,
higher accuracy, and with increased availability. This overriding
importance of data has been recognised repeatedly in the past and
in this volume (e.g., Chapter 2, Section 2.8; Chapter 3, Section
3.5; Chapter 4, Section 4.2; Chapter 6, Section 6.14; Chapter 11,
Section 11.6.1 and Chapter 12, Section 12.4), and there are
reasons for guarded optimism on the issue of data even though
there are also significant masons for concem. One such reason for
tempered optimism is the plan for and beginning implementation
of global observing systems such as the Global Climate Observing
System (GCOS), Global Ocean Observing System (GOOS), and
Global Terrestrial Observing System (GTOS). However plans in
themselves do not produce data, and data that are not accessible
are of limited value. The issue of data remains central for progress.

14.2.2.1 Initialisation and flux adjustments
Integrations of models over long time-spans are prone to error as
small discrepancies from reality compound. Models, by definition, are reduced descriptions of reality and hence incomplete and
with error. Missing pieces and small errors can pose difficulties
when models of sub-systems such as the ocean and the
atmosphere are coupled. As noted in Chapter 8, Section 8.4.2, at
the time of the SAR most coupled models had difficulty in
reproducing a stable climate with current atmospheric concentrations of greenhouse gases, and therefore non-physical "flux
adjustment terms" were added. In the past few years significant
progress has been achieved, but difficulties posed by the problem
of flux adjustment, while reduced, remain problematic and
continued investigations are needed to reach the objective of
avoiding dependence on flux adjustment (see Chapter 8, Section
8.4.2; see also Section 8.5.1.1).
Another important (and related) challenge is the initialisation
of the models so that the entire system is in balance, i.e., in statistical equilibrium with respect to the fluxes of heat, water, and
momentum between the various components of the system. The
problem of determining appropriate initial conditions in which
fluxes are dynamically and thermodynamically balanced
throughout a coupled stiff system, such as the ocean-atmosphere
system, is particularly difficult because of the wide range of
adjustment times ranging from days to thousands of years. This
can lead to a "climate drift", making interpretation of transient
climate calculations difficult (see Chapter 8, Section 8.4.1).

14.2.2 Predictability in a Clumtic System

produces the climate base state or "starting point" for climate

knowledge about the processes, and feedback mechanisms
determining them, must be significantly improved in order to
extract early signs of such changes from model simulations and
observations" (See Chapter 7, Section 7.7).

The initialisation of coupled models is important because it

The climate system is particularly challenging since it is known that
components in the system are inherently chaotic; there are
feedbacks that could potentially switch sign, and them are central
processes that affect the system in a complicated, non-linear
manner, These complex, chaotic, non-linm dynamics am an
inherent aspect of the climate system. As the IPCC WGI Second
Assessment Report (IPCC, 1996) (hereafter SAR) has previously
noted, "future unexpected, large and rapid climate system changes
(as have occu rred in the past) are, by their nature, difficult to predict.
This implies that future climate changes may also involve
'surprises'. In particular, these arise from the non-linear, chaotic
nature of the climate system ... Progress can be made by investigating non-linear processes and sub-components of the climatic
system'' These thoughts are expanded upon in this report:
"Reducing uncertainty in climate projections also requires a better
understanding of these non-linear processes which give rise to
thresholds that are present in the climate system. Observations,
palaeoclimatic data, and models suggest that such thresholds exist
and that transitions have occurred in the past ... Comprehensive
climate models in conjunction with sustained observational
systems, both in situ and remote, are the only tool to decide whether
the evolving climate system is approaching such thresholds. Our

change experiments. Climate model initialisation continues to be
an area of active research and refinement of techniques (see
Chapter 8, Section 8.4). Most groups use long integrations of the
sub-component models to provide a dynamically and thermodynamically balanced initial state for the coupled model integration.
However, there are at least as many different methods used to
initialise coupled models as there are modelling groups. See
Stouffer and Dixon (1998) for a more complete discussion of the
various issues and methods used to initialise coupled models.

Since the SAR, improvements in developing better iditialisation techniques for coupled models have been realised. For
instance, starting with observed oceanic conditions has yielded
improved simulations with reduced climate drift (Gordon et al.,
1999). Earlier attempts with this technique usually resulted in
relatively large trends in the surface variables (Meehl and
Washington, 1995; Washington and Meehf, 1996). Successfully
starting long coupled integrations from observations is important
for a number of reasons: it simplifies the initialisation procedure,
saves time and effort, and reduces the overhead for starting new
coupled model integrations.
Such progress is important, but again further work is needed.
We simply do not fully understand the causes of climate drift in
coupled models (see Chapter 8, Section 8.4.2).
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14.2.2.2 Balancing the need for frner scales and the needfor
ensembles
There is a natural tendency to produce models at finer spatial
scales that include both a wider array of processes and more
refined descriptions. Higher resolution can lead to better simulations of atmospheric dynamics and hydrology (Chapter 8,
Section 8.9.1), less diffusive oceanic simulations, and improved
representation of topography. In the atmosphere, fine-scale
topography is particularly important for resolving small-scale
precipitation patterns (see Chapter 8, Section 8.9.1).In the ocean,
bottom topography is very important for the various boundary
flows (see Chapter 7, Section 7.3.4). The use of higher oceanic
resolution also improves the simulation of internal variability
such as ENSO (see Chapter 8, Section 8.7.1). However, in spite
of the use of higher resolution, important climatic processes are
still not resolved by the model's grid, necessitating the continued
use of sub-grid scale parametrizations.
It is anticipated that the grids used in the ocean subcomponents of the coupled climate models will begin to resolve
eddies by the next report. As the oceanic eddies become resolved
by the grid, the need for large diffusion coefficients and various
mixing schemes should be reduced (see Chapter 8, Section 8.9.3;
see also, however, the discussion in Section 8.9.2). In addition,
the amount of diapycnal mixing, which is used for numerical
stability in this class of mean models, will also be reduced as the
grid spacing becomes smaller. This reduction in the sub-grid
scale oceanic mixing should reduce the uncertainty associated
with the mixing schemes and coefficients currently being used.
Underlying this issue of scale and detail is an important
tension. As the spatial and process detail in a model is increased,
the required computing resources increase, often significantly;
models with less detail may miss important non-linear dynamics
and feedbacks that affect model results significantly, and yet
simpler models may be more appropriate to generating the
needed statistics. The issue of spatial detail is intertwined with
the representation of the physical (and other) processes, and
hence the need for a balance between level of process detail and
spatial detail. These tensions must be recognised forthrightly,
and strategies must be devised to use the available computing
resources wisely. Analyses to determine the benefits of finer
scale and increased resolution need to be carefully considered.
These considerations must also recognise that the potential
predictive capability will be unavoidably statistical, and hence it
must be produced with statistically relevant information. This
implies that a variety of integrations (and models) must be used
to produce an ensemble of climate states. Climate states are
defined in terms of averages and statistical quantities applying
over a period typically of decades (see Chapter 7, Section 7.1.3
and Chapter 9, Section 9.2.2).
Fortunately, many groups have performed ensemble integrations, that is, multiple integrations with a single model using
identical radiative forcing scenarios but different initial
conditions. Ensemble integrations yield estimates of the
variability of the response for a given model. They are also
useful in determining to what extent the initial conditions affect
the magnitude and pattern of the response. Furthermore, many
groups have now performed model integrations using similar
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radiative forcings. This allows ensembles of model results to be
constructed (see Chapter 9, Section 9.3; see also the end of
Chapter 7, Section 7.1.3 for an interesting question about
ensemble formation).
In sum, a strategy must recognise what is possible. In climate
research and modelling, we should recognise that we are dealing
with a coupled non-linear chaotic system, and therefore that the
long-term prediction of future climate states is not possible. The
most we can expect to achieve is the prediction of the probability
distribution of the system's future possible states by the generation of ensembles of model solutions. This reduces climate
change to the discernment of significant differences in the statistics of such ensembles. The generation of such model ensembles
will require the dedication of greatly increased computer
resources and the application of new methods of model
diagnosis. Addressing adequately the statistical nature of climate
is computationally intensive, but such statistical information is
essential.
14.2.2.3 Hxtreme events
Extreme events are, almost by definition, of particular
importance to human society. Consequently, the importance of
understanding potential extreme events is first ordec The
evidence is mixed, and data continue to be lacking to make
conclusive cases. Chapter 9, Sections 9.3.5 and 9.3.6 consider
projections of changes in patterns of variability (discussed in the
next section) and changes in extreme events (see also Chapters 2
and 10). Though the conclusions are mixed in both of these
topical areas, certain results begin to appear robust. There appear
to be some consistent patterns with increased CO, with respect to
changes in variability: (a) the Pacific climate base state could be
a more El Niuo-like state and (b) an enhanced variability in the
daily precipitation in the Asian summer monsoon with increased
precipitation intensity (Chapter 9, Section 9.3.5). More generally,
the intensification of the hydrological cycle with increased CO2
is a robust conclusion. For possible changes in extreme weather
and climate events, the most robust conclusions appear to be: (a)
an increased probability of extreme warm days and decreased
probability of extreme cold days and (b) an increased chance of
drought for mid-continental areas during summer with increasing
CO2 (see Chapter 9, Section 9.3.6).
The evaluation of many types of extreme events is made
difficult because of issues of scale. Damaging extreme events are
often at small temporal and spatial scales. Intense, short-duration
events are not well-represented (or not represented at all) in
model-simulated climates. In addition, there is often a basic
mismatch between the scales resolved in models and those of the
validating data. A promising approach is to use multi-fractal
models of rainfall events in that they naturally generate extreme
events. Reanalysis has also helped in this regard, but reanalysis
per se is not the sole answer because the models used for
reanalysis rely on sub-grid scale parametrizations almost as
heavily as climate models do.
One area that is possibly ripe for a direct attack on improving
the modelling of extreme events is tropical cyclones (see Section
Chapter 2, 2.7.3.1; Chapter 8, Section 8.8.4; Chapter 9, Section
9.3.6.4, and Chapter 10, Box 10.2). Also, there is the potential for
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increased understanding of extreme events by employing
regional climate models (RCMs); however, there are also
challenges to realising this potential (see Chapter 10). It must be
established that RCMs produce more realistic extremes than
general circulation models (GCMs). Most RCM simulations to
date are not long enough (typically 5 or 10 years for nested
climate change simulations) to evaluate extremes well (see
Chapter 10, Section 10.5.2).
Another area in which developments are needed is that of
extremes associated with the land surface (flood and drought).
There is still a mismatch between the scale of climate models and
the finer scales appropriate for surface hydrology. This is particularly problematical for impact studies. For droughts there is a
basic issue of predictability; drought prediction is difficult
regardless of wale,
A particularly important issue is the adequacy of data needed
to attack the question of changes in extreme events. There have
been recent advances in our understanding of extremes in
simulated climates (see, for example, Meehl er al., 2000), but
thus far the approach has not been very systematic. Atmospheric
Model Intercomparison Project 2 (AMIP2) provides an opportunity for a more systematic approach: AMIP2 will be collecting
and organising some of the high-frequency data that are needed
to study extremes. However, it must be recognised that we are
still unfortunately short of data for the quantitative assessment of
extremes on the global scale in the observed climate.
Finally, it is often stated that the impacts of climate change
will be felt through changes in extremes because they stress our
present day adaptations to climate variability. What does this
imply for the research agenda for the human dimension side of
climate studies?
14.2.2.4 Organised variability
An overriding challenge to modelling and to the IPCC is prediction. This challenge is particularly acute when predictive
capability is sought for a system that is chaotic, that has significant non-linearities, and that is inherently stiff (i.e., widely
varying time constants). And within prognostic investigations of
such a complex system, the issue of predicting extreme events
presents a particularly vexing yet important problem. However,
there appear (a be coherent modes of behaviour that not only
support a sense of optimism in attacking the prediction problem,
but also these modes may offer measurable prediction targets that
can be used as benchmarks for evaluating our understanding of
the climate system. In addition, predictions of these modes
represent valuable contributions in themselves.
Evaluating the prognostic skill of a model and understanding
the characteristics of this skill are clearly important objectives. In
the case of weather prediction, one can estimate the range of
predictability by evaluating the change of the system from groups
of initial states that are close to each other. The differences in
these time-evolving states give a measure of the predictive utility
of the model. In addition, one has the near term reality of the
evolving weather as a constant source of performance metrics.
For the climate issue, the question of predictability is wrapped up
with understanding the physics behind the low-frequency
variability of climate and distinguishing the signal of climate
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change (see Chapter 9, Section 9.2.2.1). In other words, there are
the paired challenges of capturing (predicting) "natural"
variability of climate as well as the emerging anthropogenically
forced climate signal. This dual challenge is distinctively climatic
in nature, and whereas the longer-term character of climate
projections is unavoidable and problematic, the intra-seasonal to
inter-decadal modes of climate variability (e.g., ENSO, Pacific
Decadal Oscillation (PDO), and North Atlantic Oscillation
(NAO) - see also Chapter 7, Box 7.2) offer opportunities to test
prognostic climate skill. Here, some predictive skill for the
climate system appears to exist on longer time-scales. One
example is the ocean-atmosphere phenomenon of ENSO. This
skill has been advanced and more clearly demonstrated since the
SAR, and this progress and demonstration are important (see
Chapter 7, Section 7,6; Chapter 8, Section 8.7 and Chapter 9,
Section 9.3.5). Such demonstrations and the insights gained in
developing and making prognostic statements on climate modes
frame an important area for further work.
This opportunity is well summarised in Chapter 8 (in particular, Section 8.7),'"fhe atmosphere-ocean coupled system shows
various modes of variability that range widely from introseasonal to inter-decadal time-scales (see Chapters 2 and 7).
Since the SAR, considerable progress has been achieved in
characterising the decadal to inter-decadal variability of the
ocean-atmosphere system. Successful evaluation of models over
a wide range of phenomena increases our confidenee."
14.2.3 ,Key Sub-systems and Phenomena in the Physical
Climate System
Central to the climate system are the coupled dynamics of the
atmosphere-ocean-terrestrial system, the physical processes
associated with the energy and water cycles and the associated
biological and chemical processes controlling the biogeochemical cycles, particularly carbon, nitrogen, phosphorus, sulphur,
iron, and silicon. The atmosphere plays a unique role in the
climate system since on a zeroth order basis it sets the radiative
forcing. Specific sub-systems that are important and yet still
poorly understood are clouds and sea ice; the thermohaline ocean
circulation is a fundamentally important phenomenon that needs
to be known better, and underlying these sub-systems and
phenomena are the still ill-understood non-linear processes of
advection (large-scale) and convection (small-scale) of
dynamical and thermodynamical oceanic and atmospheric
quantities. These sub-systems, phenomena, and processes are
important and merit increased attention to improve prognostic
capabilities generally.

14.2.3.1 Clouds
The role of clouds in the climate system continues to challenge
the modelling of climate (e.g., Chapter 7, Section 7.2.2). It is
generally accepted that the net effect of clouds on the radiative
balance of the planet is negative and has an average magnitude of
about 10 to 20 Win-. This balance consists of a short-wave
cooling (the albedo effect) of about 40 to 50 W M-2 and a longwave warming of about 30 Wirtz- Unfortunately, the size of the
uncertainties in this budget is large when compared to the
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expected anthropogenic greenhouse forcing. Although we know
that the overall net effect of clouds on the radiative balance is
slightly negative, we do not know the sign of cloud feedback with
respect to the increase of greenhouse gases, and it may vary with
the region. In fact, the basic issue of the nature of the future cloud
feedback is not clear. Will it remain negative? If the planet
warms, then it is plausible that evaporation will increase, which
probably implies that liquid water content will increase but the
volume of clouds may not. What will be the effect and how will
the effects be distributed in time and space? Finally, the issue of
cloud feedbacks is also coupled to the very difficult issue of
indirect aerosol forcing (see Chapter 5, Section 5.3).
The importance of clouds was summarised in the SAR: "The
single largest uncertainty in determining the climate sensitivity to
either natural or anthropogenic changes are clouds and their
effects on radiation and their role in the hydrological cycle"
(Kattenberg at at., 1996, p.345). And yet, the single greatest
source of uncertainty in the estimates of the climate sensitivity
continues to be clouds (see also Chapter 7, Section 7.2). Since the
SAR, there have been a number of improvements in the simulation of both the cloud distribution and in the radiative properties
of clouds (Chapter 7, Section 7.2.2). The simulation of cloud
distribution has improved as the overall simulation of the
atmospheric models has improved. In addition, the cloud subcomponent models used in the coupled models have become
more realistic. Also, our understanding of the radiative properties
of clouds and their effects on climate sensitivity have improved.
And yet in Chapter 7, Section 7.2.2 we find that, "In spite of these
improvements, there has been no apparent narrowing of the
uncertainty range associated with cloud feedbacks in current
climate change simulations."
Handling the physics and/or the parametrization of clouds in
climate models remains a central difficulty. There is a need for
increased observations. J. Mitchell highlighted the challenge in a
recent paper at the World Climate Research Programme (WCRP)
Workshop on Cloud Properties and Cloud Feedbacks in Largescale Models where he stated that "Reducing the uncertainty in
cloud-climate feedbacks is one of the toughest challenges facing
atmospheric physicists" (Mitchell, 2000).
Cloud modelling is a particularly challenging scientific
problem because it involves processes covering a very wide range
of space- and time-scales. For example, cloud systems extending
over thousands of kilometres to cloud droplets and aerosols of
microscopic size are all important components of the climate
system. The time-scales of interest can range from hundreds of
years (e.g., future equilibrium climates) to fractions of a second
(e.g., droplet collisions). This is not to say that all cloud microphysics must be included in modelling cloud formation and cloud
properties, but the demarcation between what must be included
and what can be parametrized remains unclear. Clarifying this
demarcation and improving both the resulting phenomenological
characterisations and parametrizations will depend critically on
improved global observations of clouds (see Chapter 2, Section
2.5.5; see also Senior, 1999). Of particular importance are
observations of cloud structure and distribution against natural
patterns of climate variability (e.g., ENSO). Complementing the
broad climatologies will be important observations of cloud ice-
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water and liquid-water content, radiative heating and optical
depth profiles, and precipitation occurrence and cloud geometry.
The recently approved CloudSat and PICASSO missions,
which will fly in formation with the National Aeronautics and
Space Administration (USA) (NASA) Earth Observing System
(EOS) PM (the Aqua Mission), will provide valuable profiles of
cloud ice and liquid content, optical depth, cloud type, and
aerosol properties. These observations, combined with wider
swath radiometric data from EOS PM sensors, will provide a rich
new source of information about the properties of clouds
(Stephens et at, 2000).
And yet, this question of cloud feedback remains open, and it
is not clear how it will be answered. Given that the current
generation of global climate models represents the Earth in terms
of grid-points spaced roughly 200 km apart, many features
observed on smaller scales, such as individual cloud systems and
cloud geometry, are not explicitly resolved. Without question, the
strategy for attacking the feedback question will involve comparison of model simulations with appropriate observations on
global or local scales. The interplay of observation and models,
again, will be the key for progress. Mitchell (Mitchell, 2000)
states this clearly, "Unless there are stronger links between those
making observations and those using climate models, then there
is little chance of a reduction in the uncertainty in cloud feedback
in the next twenty years" This is echoed in this report (see
Chapter 7, Section 7.2.2), "A straightforward approach of model
validation is not sufficient to constrain efficiently the models and
a more dedicated approach is needed. It should be favoured by a
larger availability of satellite measurements."
14.2.3.2 Thermohaline circulation
In the oceanic component of climate models, ocean current
patterns are represented significantly better in models of higher
resolution in large part because ocean current systems (including
mesoscale eddies), ocean variability (including ENSO events),
and the thermohaline circulation (and other vertical mixing
processes) and topography which greatly influence the ocean
circulation, can be better represented. Improved resolution and
understanding of the important facets of coupling in both
atmosphere and ocean components of global climate models have
also been proven to reduce flux imbalance problems arising in the
coupling of the oceanic and the atmospheric components.
However, it must still be noted that uncertainties associated with
clouds still cause problems in the computation of surface fluxes.
With the availability of computer power, a central impediment to
the gain in model accuracy is being reduced; however, there is
still a long way to go before many of the important processes are
explicitly resolved by the numerical grid. In addition there
continues to be a necessary "concomitant" increase in resources
for process studies and for diagnosis as computer power
increases. It must still be remembered that the system presents
chaotic characteristics that can only be evaluated through an
analysis of ensembles statistics, and these ensembles must be
generated by running suites of models under varied initial and
forcing conditions.
In a few model calculations, a large rate of increase in the
radiative forcing of the planet is enough to cause the ocean's
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global thermoha)ine circulation almost to disappear, though in
some experiments it reappears given sufficiently long integration
times (see Chapter 7, Section 7.3.7 and Chapter 9, 9.3.4.3). This
circulation is important because in the present climate it is
responsible for a large portion of the heat transport hour the
tropics to higher latitudes, and it plays an important role in the
oceanic uptake of CO2. Palaeooceanographic investigations
suggest that aspects of longer-term climate change are associated
with changes in the ocean's thermohaline circulation. We need
appropriate observations of the thermohaline circulation, and its
natural variations, to compare with model simulations (see
Chapter 9, Section 9.3.4.3; see also Chapter 7, Section 7.6 and
Chapter 8, Section 8.5.2.2).
The coming decade will be important for ocean circulation in
the context of climate. A particularly exciting development is the
potential for assimilating synoptic ocean observations (e.g., the
US/French ocean TOPography satellite altimeter EXperiment
(TOPEX-POSEIDON) and Argo) into ocean general circulation
models. Key questions, such as how well do the ocean models
capture the inferred heat flux or tracer distributions, are central to
the use of these models in climate studies. The effort of
comparing models with data, as the direct path for model
rejection and model improvement, is central to increasing our
understanding of the system.
14.2.3.3 Arctic sea ice
There is increasing evidence that there is a decline in the extent
and thickness of Arctic sea ice in the summer that appears to be
connected with the observed recent Arctic warming (see Chapter
2, Section 2.2.5.2; Chapter 7, Box 7.1, and Chapter 8, Section
8.5.3; see also Chapter 7, Section 7.5.2 for a general discussion
on the role of sea ice in the climate system as well as recent
advances in modelling sea ice).
It is not known whether these changes reflect anthropogenic
warming transmitted either from the atmosphere or the ocean or
whether they mostly reflect a major mode of multi-decadal
variability. Some of this pattern of warming has been attributed
to recent trends in the Arctic Oscillation (see Section 2.6);
however, how the anthropogenic signal is imprinted on the
natural patterns of climate variability remains a central question.
What does seem clear is that the changes in Arctic sea ice are
significant, and there is a positive feedback that could be
triggered by declines in sea-ice extent through changes in the
planetary albedo. If the Arctic shifted from being a bright
summer object to a less bright summer object, then this would be
an important positive feedback on a warming pattern (see the
"left loop" in Chapter 7, Figure 7.6).
In addition to these recently available observations, there
have been several models (Commonwealth Scientific and
Industrial Research Organisation (Australia) (CSIRO) - Gordon
and O'Farrell, 1997; Department of Energy (USA) Parallel
Climate Model (DOE PCM) - Washington et at., 2000; National
Center for Atmospheric Research (USA) Climate System Model
(NCAR CSM) - Weatherly et at., 1998; see also Chapter 7,
Section 7.5.2 and Chapter 8, Section 8.5.3) that have improved
their sea ice representation since the SAR. These improvements
include simulation of open water within the ice pack, snow cover
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upon the ice, and sea ice dynamics. The incorporation of sophisticated sea ice components in climate models provides a
framework for testing and calibrating these models with observations. Further, as the formulation of sea ice dynamics becomes
more realistic, the validity of spatial patterns of the simulated
wind stress over the polar oceans is becoming an issue in
Atmosphere-Ocean General Circulation Model (AOGCM)
simulations. Hence, improvements, such as the above-mentioned
data, in the observational database will become increasingly
relevant to climate model development. In addition, satellite
observations have recently been used to determine sea-ice
velocity (Emery er at., 1997) and melt season (Smith, 1998).
New field programmes are under way with the explicit goal
of improving the accuracy of model simulations of sea ice and
polar climate (see Randall el at., 1998, for a review). In order to
improve model representations and validation, it will be essential
to enhance the observations over the Arctic including ocean,
atmosphere, and sea ice state variables. This will help provide
more reliable projections for a region of the world where significant changes are expected.
The refinement of sea-ice models along with enhanced
observations reduces the uncertainty associated with ice
processes. (See Chapter 7, Section 7.5 and Chapter 8, Section
8.5.3 for more discussion and evaluation of model performance;
for some open issues see Chapter 9, Section 9.4.) This progress
is important, and efforts are needed to expand upon it and, as
stated, to improve the observational basis significantly.

14.2.4 The Global Carbon Cycle
From measurements of air trapped in ice cores and from direct
measurements of the atmosphere, we know that in the past 200
years the abundance of CO2 in the atmosphere has increased by
over 30% (i.e., from a concentration of 280 ppm by volume
(pppmv) in 1700 to nearly 370 ppmv in 2000). We also know that
the concentration was relatively constant (roughly within ±10
ppmv of 275) for more than 1,000 years prior to the humaninduced rapid increase in atmospheric COZ (see Chapter 3,
Figures 3.2a and 3.2b).
Looking further back in time, we find an extraordinarily
regular record of change. The Vostok core (Figure 3,2d) captures
a remarkable and intriguing signal of the periodicity of interglacial and glacial climate periods in step with the transfer of
significant pools of carbon from the land (most likely through the
atmosphere) to the ocean and then the recovery of terrestrial
carbon back from the ocean. The repeated pattern of a 100 to 120
ppmv decline in atmospheric CO2 from an inter-glacial value of
280 to 3O0 ppmv to a t 80 ppmv floor and then the rapid recovery
as the planet exits glaciation suggests a tightly governed control
system. There is a similar methane (CH4) cycle between 320 to
350 ppbv (parts per billion by volume) and 650 to 770 ppbv.
What begs explanation is not just the linked periodicity of carbon
and glaciation, but also the apparent consistent limits on the
cycles over the period. See Chapter 3, Box 3.4.

Today's atmosphere, imprinted with the fossil fuel CO2
signal, stands at nearly 90 to 70 ppmv above the previous interglacial maximum of 280 to 300 ppmv. The current methane value
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is even further (percentage-wise) from its previous inter-glacial
high values. In essence, carbon has been moved from a relatively
immobile pool (in fossil fuel reserves) in the slow carbon cycle to
the relatively mobile pool (the atmosphere) in the fast carbon
cycle, and the ocean, terrestrial vegetation and soils have yet to
equilibrate with this "rapidly" changing concentration of CO2 in
the atmosphere.
Given this remarkable and unprecedented history one cannot
help but wonder about the characteristics of the carbon cycle in
the future (Chapter 3). To understand better the global carbon
cycle, two themes are clear: (1) there is a need for global observations that can contribute significantly to determining the sources
and sinks of carbon and (2) there is a need for fundamental work
on critical biological processes and their interaction with the
physical system. Two observational needs must be highlighted:
• Observations that would decisively improve our ability to
model the carbon cycle. For example, a dense and wellcalibrated network for monitoring CO, and O2 concentrations
that will also be required for international verification of carbon
sources and sinks is central.
•'-Benchmarks" data sets that allow model intercomparison
activities to move in the direction of becoming data-model
comparisons and not just model-model comparisons.
We note that the Subsidiary Body for Scientific and
Technological Advice (SBSTA) of the United Nations
Framework Convention on Climate Change (UNFCCC)
recognised the importance of an Integrated Global Observing
Strategy Partnership in developing observing systems for the
oceans and terrestrial carbon sources and sinks in the global
carbon cycle and in promoting systematic observations.
There is also a range of areas where present day biogeochemistry modelling is not only in need of additional data, but is
also crucially limited by insufficient understanding at the level of
physical or biological processes. Clarifying these processes and
their controls is central to a better understanding of the global
carbon cycle.
14.2.4.1 The marine car6on svstem
The marine carbon cycle plays an important role in the
partitioning of CO2 between the atmosphere and the ocean
(Chapter 3, Section 3.2.3). The primary controls are the circulation of the ocean (a function of the climate system), and two
important biogeochemical processes: the solubility pump and
the biological pump, both of which act to create a global mean
increase of dissolved inorganic carbon with depth.
The physical circulation and the interplay of the circulation
and the biogeochemical processes are central to understanding
the ocean carbon system and future concentrations of CO, in
the atmosphere. In the ocean, the prevailing focus on surface
conditions and heat transport has led to a comparative neglect
of transport processes below about 800 in depth. For carbon
cycle modelling, however, vertical transports and deep
horizontal transports assume fundamental importance. The
importance of the thermohaline circulation is obviously
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important (and insufficiently well understood; see Section
14.2.3.2) in moving carbon from the surface to deeper layers.
Similarly, the regional distribution of upwelling, which brings
carbon- and nutrient-rich water to surface layers, is poorly
known and inconsistently simulated in models. The ventilation
of the Southern Ocean provides an extreme, though not unique,
example.
It has been pointed out by a number of modelling studies that
if there were no marine biological system, then the pre-industrial
atmospheric CO2 concentration would have been 450 ppmv
instead of 290 ppmv (Sarmiento and Toggweiler 1984; MaierRaimer et al., 1996). Any complete model of the natural ocean
carbon cycle should therefore include the biological system;
however, most recent assessments of the oceanic uptake of anthropogenic CO2 have assumed that the biological system would not
be affected by climate change and have therefore only modelled
the chemical solubility in addition to the physical circulation. This
was based on the understanding that nitrate or other nutrients limit
marine phytoplankton growth. There would therefore be no CO2
fertilisation effect as has been suggested for terrestrial plants and
that, unless there was a large change in the nutrient supply to the
upper ocean because of a climate-induced shift in circulation, then
no extra anthropogenic CO2 could be sequestered to the deep
ocean by the organic matter pump. More recently, a number of
studies have suggested possible ways in which the organic matter
pump might be affected by climate change over a 200-year timescale (see Chapter 3, Sections 3.2.3.2 and 3.2.3.3). The main
conclusion was that. because of the complexity of biological
systems, it was not yet possible to say whether some of the likely
feedbacks would be positive or negative. However, it is clear that
our understanding of these issues needs to be improved.
Simulating the calcium carbonate system with a processoriented model presents another level of complexity beyond
simulating the organic matter fotmation-decomposition: the
distribution of particular phytoplankton species (mainly coccolithophorids) must be simulated. The calcium carbonate pump,
however, contributes relatively little to the vertical dissolved
inorganic carbon (DIC) gradient compared to the organic matter
and solubility pumps- The importance of this pump needs careful
evaluation and its past (palaeo) role in the carbon cycle needs to
be considered (see end of Chapter 3, Section 3.2.3.3).
In the ocean, models incorporating biology are relatively
underdeveloped and incorporate empirical assumptions (such as
fixed Redfield (nutrient) ratios) rather than explicitly modelling
the underlying processes. As a result, present models may be
unduly constrained in the range of responses they can show to
changes in climate and ocean dynamics. A better understanding
is required concerning the workings of nutrient constraints on
productivity, the controls of nitrogen fixation, and the controls on
the geographical distribution of biogeochemically important
species and functional types in the ocean. To develop this
understanding it will be necessary to combine remotely sensed
information with a greatly expanded network of continuous
biogeochemical monitoring sites, and to gather data on the spacetime patterns of variability in species composition of marine
ecosystems in relation to climate variability phenomena such as
ENSO and NAO. (See Chapter 3, Sections 3.6.3 and 3.7).
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14.2.4.2 The terrestrial system
The metabolic processes that are responsible for plant growth and
maintenance and the microbial turnover, which is associated with
dead organic matter decomposition, control the cycle of carbon,
nutrients, and water through plants and soil on both rapid and
intermediate time-scales. Moreover, these cycles affect the
energy balance and provide key controls over biogenic trace gas
production. Looking at the carbon fixation-organic material
decomposition as a linked process, one sees that some of the
carbon fixed by photosynthesis and incorporated into plant tissue
is perhaps delayed from returning to the atmosphere until it is
oxidised by decomposition or fire. This slower carbon loop
through the terrestrial component of the carbon cycle affects the
rate of growth of atmospheric CO2 concentration and, in its
shorter term expression, imposes a seasonal cycle on that trend
(Chapter 3, Figure 3.2a). The structure of terrestrial ecosystems,
which respond on even longer time-scales, is determined by the
integrated response to changes in climate and to the intermediate
time-scale carbon-nutrient machinery. The loop is closed back to
the climate system, since it is the structure of ecosystems,
including species composition, that largely sets the terrestrial
boundary condition of the climate in terms of surface roughness,
albedo, and latent heat exchange (see Chapter 3, Section 3.2.2).

in order to treat successfully competitive dynamics and hence
future patterns of ecosystem. It should be noted also that these
forcing terms themselves might be altered by the changes that
result from changes in the terrestrial system.
This coupling across time-scales represents a significant
challenge. Immediate challenges that confront models of the
terrestrial-atmosphere system include exchanges of carbon and
water between the atmosphere and land, and the terrestrial
sources and sinks of trace gases.

Modelling interactions between terrestrial and atmospheric

response is fundamental to predictions of the total terrestrial

systems requires coupling successional models to biogeochem-

carbon balance in a changing climate. Models also differ signifi-

ical models and physiological models that describe the exchange
of water and energy between vegetation and the atmosphere at

cantly in the degree of CO, fertilisation they allow, and the extent

fine time-scales. At each step toward longer time-scales, the

the extent to which CO2 concentrations affect the global distribu-

climate system integrates the more fine scaled processes and

tion of C3 and C4 photosynthetic pathways; and the impacts of

applies feedbacks onto the terrestrial biome. At the finest time-

climate, CO, and land management on the tree-grass balance.

scales, the influence of temperature, radiation, humidity and
winds has a dramatic effect on the ability of plants to transpire.

These are all areas where modelling capability is limited by lack

On longer time-scales, integrated weather patterns regulate
biological processes such as the timing of leaf emergence or

obseivational and experimental research. Important areas are
interannual variability in terrestrial fluxes and the interplay of

excision, uptake of nitrogen by autotrophs, and rates of organic

warming, management, and CO2 enrichment responses at the

soil decay and turnover of inorganic nitrogen. The effect of
climate at the annual or intentional scale defines the net gain or

ecosystem scale. Moreover, these issues must be far better
resolved if there is to be an adequate verification scheme to

loss of carbon by the biota, its water status for the subsequent
growing season, and even its ability to survive.

confirm national perfomiance in meeting targets for CO2
emissions. (See Chapter 3, Sections 3.6.2 and 3.7.1.)

As the temporal scale is extended, the development of
dynamic vegetation models, which respond to climate and human
land use as well as other changes, is a central issue. These models
must not only treat successional dynamics, but also ecosystem
redistribution. The recovery of natural vegetation in abandoned
areas depends upon the intensity and length of the agricultural
activity and the amount of soil organic matter on the site at the
time of abandonment. To simulate the biogeochentistry of
secondary vegetation, models must capture patterns of plant
growth during secondary succession. These patterns depend
substantially on the nutrient pools inherited from the previous
stage. The changes in hydrology need also to be considered, since
plants that experience water stress will alter the allocation of
carbon to allocate more carbon to roots. Processes such as
reproduction, establishment, and light competition have been
added to such models, interactively with the carbon, nitrogen,
and water cycles. Disturbance regimes such as fire are also
incorporated into the models, and these disturbances are essential

Finally, while progress will be made on modelling terrestrial
processes, more integrative studies are also needed wherein
terrestrial systems are coupled with models of the physical
atmosphere and eventually with the chemical atmosphere as well.

Prognostic models of terrestrial carbon cycle and terrestrial
ecosystem processes are central for any consideration of the
effects of environmental change and analysis of mitigation strategies; moreover, these demands will become even more significant as countries begin to adopt carbon emission targets. At
present, several rather complex models are being developed to
account for the ecophysiological and biophysical processes,
which determine the spatial and temporal features of primary
production and respiration (see Chapter 3, Sections 3.6.2 and
3.7.1). Despite recent progress in developing and evaluating
terrestrial biosphere models, several crucial questions remain
open. For example, current models are highly inconsistent in the
way they treat the response of Net Primary Production (NPP) to
climate variability and climate change - even though this

to which CO2 responses are constrained by nutrient availability;

of knowledge, thus making it crucially important to expand

14.2.5 Precipitation, Soil Moisture, and River Flow: Elements
of the Hydrological Cycle
Changes in precipitation could have significant impacts on
society. Precipitation is an essential element in deterrnining the
availability of drinking water and the level of soil moisture.
Improved treatment. of precipitation (see Section Chapter 7,
7.2.3) is an essential step.
Soil moisture is a key component in the land surface schemes
in climate models, since it is closely related to evapotranspiration
and thus to the apportioning of sensible and latent heat fluxes. It
is primary in the formation of runoff and hence river-flow.
Further, soil moisture is an important determinant of ecosystem
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structure and therein a primary means by which climate regulates
(and is partially regulated by) ecosystem distribution. Soil
moisture is an important regulator of plant productivity and
sustainability of natural ecosystems. In turn terrestrial ecosystems recycle water vapour at the land-surface/atmosphere
boundary, exchange numerous important trace gases with the
atmosphere, and transfer water and biogeochemical compounds
to river systems (see also the discussion in Chapter 7, Section
7.4.3 and Chapter 8, Section 8.5.4). New efforts are needed in the
development of models, which successfully represent the spacetime dynamics interaction between soil, climate and vegetation.
If water is a central controlling aspect, then the interaction
necessarily passes all the way through the space-time dynamics
of soil moisture. Finally, adequate soil moisture is an essential
resource for human activity. Consequently, accurate prediction of
soil moisture is crucial for simulation of the hydrological cycle,
of soil and vegetation biochemistry. including the cycling Of
carbon and nutrients, and of ecosystem structure and distribution
as well as climate.
River systems are linked to regional and continental-scale
hydrology through interactions among precipitation, evapotranspiration, soil water, and runoff in terrestrial ecosystems. River
systems, and more generally the entire global water cycle, control
the movement of constituents over vast distances, from the
continental land-masses to the world's oceans and to the
atmosphere. Rivers are also central features of human settlement
and development.
It appears, however, that a significant level of variance exists
among land models, associated with unresolved differences
among parametrization details (particularly difficulties in the
modelling of soil hydrology) and parameter sets. In fact, many
of the changes in land-surface models since the SAR fall within
this range of model diversity. It is not known to what extent these
differences in land-surface response translate into differences in
global climate sensitivity (see Chapter 8, Section 8.5.4.3)
although the uncertainty associated with the land-surface
response must be smaller than the uncertainty associated with
clouds (Lofgren, 1995). There is model-based evidence
indicating that these differences in the land-surface response
may be significant for the simulation of the local land-surface
climate and regional atmospheric climate changes (see Chapter
7, Section 7.4).
Much attention in the land-surface modelling community has
been directed toward the diversity of patameuizations of water
and energy fluxes (see Chapter 7, Sections 7.4, 7.5, and Chapter
8, Section 8.5). Intercomparison experiments (see Chapter 8,
Section 8.5.4) have quantified the inter-model differences in
response to prescribed atmospheric forcing, and have
demonstrated that the most significant outliers can be understood
in terms of unrealistic physical approximations in their formulation, particularly the neglect of stomatal resistance. Some
coupled models now employ some form of stomatal resistance to
evaporation.
Climate-induced changes in vegetation have potentially large
climatic implications, but are still generally neglected in the
coupled-model experiments used to estimate future changes in
climate (see Chapter 8).
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There is, obviously, a direct coupling between predicted soil
moisture and predicted river flows and the availability of water
for human use. Complex patterns of locally generated runoff are
transformed into horizontal transport as rivers through the
drainage basin. Moreover, any global perspective on surface
hydrology must explicitly recognise the impact of human
intervention in the water cycle, not only through climate and
land-use change, but also through the operation of impoundments, inter-basin transfers, and consumptive use.
Recognition of the importance of land hydrology for the
salinity distribution of the oceans is one reason for seeking
improvements in models for routing runoff to the oceans (see
more precise cites here and in Chapter 7). Most coupled models
now return land runoff to the ocean as fresh water (see Chapter
8). Runoff is collected over geographically realistic river basins
and mixed into the ocean at the appropriate river mouths.
Although this routing is performed instantaneously in some
models, the trend is toward model representation of the significant time-lag (order of a month) in runoff production to riverocean discharge. What is needed for a variety of reasons,
however, is for river flow itself to be treated in models of the
climate system. ( See Chapter 7, Section 7.4.3.)
Or. land, surface processes have until very recently been
treated summarily in Atmospheric General Circulation Models
(AGCMs). The focus of evaluating AGCMs has been on largescale dynamics and certain meteorological variables; far less so
on the partitioning of sensible and latent heat flux, or the
moisture content of the planetary boundary layer. When the
goals of climate modelling are expanded to include terrestrial
biosphere function, such aspects become of central importance
as regulators of the interaction between the carbon and water
cycles. Terrestrial flux and boundary-layer measurements
represent a new, expanding and potentially hugely important
resource for improving our understanding of these processes
and their representation in models of the climate system. (See
Chapter 7, Section 7.4.1.)
The spatial resolution of current global climate models,
roughly 200 km, is too coarse to simulate the impact of global
change on most individual river basins. To verify the transport
models will require budgets of water and other biogeochemical
constituents for large basins of the world. This requires groundbased meteorology in tandem with remotely sensed data for a
series of variables, including information on precipitation, soils,
land cover, surface radiation, status of the vegetativeo canopy,
topography, floodplain extent, and inundation. Model results
can be constrained by using a database of observed discharge
and constituent fluxes at key locations within the drainage
basins analysed. Climate time-series and monthly discharge
data for the past several decades at selected locations provide
the opportunity for important tests of models, including
appraisal of the impact of episodic events, such as El Nino, on
surface water balance and river discharge. It will be necessary to
inventory, document, and make available such data sets to
identify gaps in our knowledge, and where it is necessary to
collect additional data. Even in the best-represented regions of
the globe coherent time-series are available for only the last 30
years or less. This lack of data constrains our ability to construct
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and test riverine flux models. Standardised protocols, in terms of
sampling frequency, spatial distribution of sampling networks,
and chemical analyses are needed to ensure the production of
comparable data sets in disparate parts of the globe. Upgrades of
the basic monitoring system for discharge and riverbome
constituents at the large scale are therefore required.
In sum, hydrological processes and energy exchange,
especially those involving clouds, surface exchanges, and
interactions of these with radiation are crucial for further
progress in modelling the atmosphere. Feedbacks with land
require careful attention to the treatments of evapotranspiration,
soil moisture storage, and runoff. All of these occur on spatial
scales which are fine compared with the model meshes, so the
question of scaling must be addressed. These improvements
must be paralleled by the acquisition of global data sets for
validation of these treatments. Validation of models against
global and regional requirements for conservation of energy is
especially important in this regard. As noted in Chapter 8
(Section 8.5.4.3), "Uncertainty in land surface processes,
coupled with uncertainty in parameter data combines, at this
time, to limit the confidence we have in the simulated regional
impacts of increasing COz"
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atmosphere. That is, the problems require a coupling of the
physics and chemistry of the atmosphere. Furthermore, the
models must be applicable on a variety of spatial (regional-toglobal) and temporal (days-to-decades) scales (see Chapter 6).
A particularly important and challenging issue is the need to
reduce the uncertainty on the size and spatial pattern of the
indirect aerosol effects (see Chapter 6, Section 6.8).
Most of the effort in three-dimensional atmospheric
chemistry models over the last decade has been in the use of
transport models in the analysis of certain chemically active
species, e.g., long-lived gases such as nitrous oxide (N20) or the
chlorofluorocarbons (CFCs). In part, the purpose of these
studies was not to improve our understanding of the chemistry
of the atmosphere, but rather to improve the transport formulation associated with general circulation models and, in association with this improvement, to understand sources and sinks of
CO2. The additional burden imposed by incorporating detailed
chemistry into a comprehensive general circulation model has
made long-term simulations and transient experiments with
existing computing resources challenging. Current threedimensional atmospheric chemistry models which focus on the
stratosphere seek a compromise solution by employing coarse

14.2.6 Trace Gases, Aerosols, and the Climate System

resolution (both vertical and horizontal dimensions); incorporating constituents by families (similar to the practice used in
most two-dimensional models); omitting or simplifying

The goal is a completely interactive simulation of the

parametrizations for tropospheric physical processes; or

dynamical, radiative, and chemical processes in the atmosphere-

conducting "off line" transport simulations in which previously
calculated wind and temperature fields are used as known input

ocean-land system with a central theme of characterising
adequately the radiative forcing in the past, in the present, and

to continuity equations including chemical source/sink terms.

into the future (See Chapter 6, Sections 6.1 and 6.2; see also

This last approach renders the problem tractable and has

Chapter 9, Section 9.1). Such a model will be essential in future
studies of the broad question on the role of the oceans, terrestrial

produced much progress towards understanding the transport of

ecosystems, and human activities in the regulation of
atmospheric concentrations of CO, and other radiativel y active

ding disadvantage is the lack of the interactive feedback

atmospheric constituents. It will be required for understanding
tropospheric trace constituents such as nitrogen oxides, ozone,
and sulphate aerosols. Nitrogen oxides are believed to control
the production and destruction of tropospheric ozone, which
controls the chemical reactivity of the lower atmosphere and is
itself a significant greenhouse gas. Tropospheric sulphate
aerosols, carbonaceous aerosols from both natural and anthropogenic processes, dust, and sea salt, on the other hand, are
believed to affect the Earth's radiation budget significantly, by
scattering solar radiation and through their effects on clouds.
Systematic observations of different terrestrial ecosystems and
surface marine systems under variable meteorological
conditions are needed along with the development of ecosystem
and surface models that will provide parametrizations of these
exchanges.

Models that incorporate atmospheric chemical processes
provide the basis for much of our current understanding in such
critical problem areas as acid min, photochemical smog production in the troposphere, and depletion of the ozone layer in the
stratosphere. These formidable problems require models that
include chemical, dynamical, and radiative processes, which
through their mutual interactions determine the circulation,
thermal structure, and distribution of constituents in the

chemically reacting species in the atmosphere. The corresponbetween the evolving species distributions and the atmospheric
circulation. Better descriptions of the complex relationship
between hydrogen, nitrogen, and oxygen species as well as
hydrocarbons and other organic species are needed in order to
establish simplified chemical schemes that will be implemented
in chemical/transport models. In parallel, better descriptions of
how advection, turbulence, and convection affect the chemical
composition of the atmosphere are needed, (See Chapter 4,
Section 4.5.2.)

We also need improved understanding of the processes
involving clouds, surface exchanges, and their interactions with
radiation. The coupling of aerosols with both the energy and
water cycles as well as with the chemistry components of the
system is of increasing importance. Determining feedbacks
between the -land surface and other elements of the climate
system will require careful attention to the treatments of
evapotranspiration, soil moisture storage and runoff. All of these
occur on spatial scales that are small compared with the model
meshes, so the question of scaling must be addressed. These
improvements must be paralleled by the acquisition of global
data sets for validation of these treatments. Validation of models
against global and regional requirements for conservation of
energy is especially important in this regard. (See Chapter 4,
Section 4.5.1.)
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The problems associated with how to treat clouds within the
climate system are linked to problems associated with aerosols.
Current model treatments of climate forcing from aerosols
predict effects that are not easily consistent with the past
climate record. A major challenge is to develop and validate the
treatments of the microphysics of clouds and their interactions
with aerosols on the scale of a general circulation model grid. A
second major challenge is to develop an understanding of the
carbon components of the aerosol system. Meeting this
challenge requires that we develop data for a mechanistic
understanding of carbonaceous aerosol effects on clouds as well
as developing an understanding of the magnitude of the anthropogenic and natural components of the carbonaceous aerosol
system. ( See Chapter 6, Sections 6.7 and 6.8; see also Chapter
4, Section 4.5.1.2.)
As attention is turned toward the troposphere, the experimental strategy simply cannot adopt the stratospheric simplifications. The uneven distribution of emission sources at the
surface of the Earth and the role of meteorological processes at
various scales must be addressed directly. Fine-scaled, threedimensional models of chemically active trace gases in the
troposphere are needed to resolve transport processes at the
highest possible resolution. These models should be designed to
simulate the chemistry and transport of atmospheric tracers on
global and regional scales, with accurate parametrizations of
sub-scale processes that affect the chemical composition of the
troposphere. It is therefore necessary to pursue an ambitious
long-term programme to develop comprehensive models of the
troposphere system, including chemical, dynamical, radiative,
and eventually biological components. ( See Chapter 4, Sections
4.4 to 4.6.)
The short-lived radiatively important species pose an
observational challenge. The fact that they are short-lived
implies that observations of the concentrations are needed over
wide spatial regions and over long periods of time. This is
particularly important for aerosols. The current uncertainties
are non-trivial ( see again Chapter 6, Figure 6.7) and need to be
reduced.

In sum, there needs to be an expanded attack on the key
contributors to uncertainty about the behaviour of the climate
system today and in the future. As stated in Chapter 13, Section
13.1.2, "Scenarios should also provide adequate quantitative
measures of uncertainty. The sources of uncertainty are many,
including the trajectory of greenhouse gas emissions in the
future, their conversion into atmospheric concentrations, the
range of responses of various climate models to a given
radiative forcing and the method of constructing high resolution
information from global climate model outputs (see Chapter 13,
Figure 13.2). For many purposes, simply defining a single
climate future is insufficient and unsatisfactory. Multiple
climate scenarios that address at least one, or preferably several,
sources of uncertainty allow these uncertainties to be quantified
and explicitly accounted for in impact assessments"
In addition to this needed expansion in the attack on
uncertainties in the climate system, there is an important new
challenge that should now be addressed more aggressively. It is
time to link more formally physical climate-biogeochemical
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models with models of the human system. At present, human
influences generally are treated only through emission
scenarios that provide external forcings to the climate system.
In future comprehensive models, human activities will interact
with the dynamics of physical, chemical, and biological subsystems through a diverse set of contributing activities,
feedbacks, and responses. This does not mean that it is
necessary or even logical to attempt to develop prognostic
models of human actions since much will remain inherently
unpredictable; however, the scenarios analysis could and should
be more fully coupled to the coupled physical climate-biogeochemical system.
As part of the foundation-building to meet this challenge,
we turn attention now to the human system.
14.3 The Human System
14.3.1 Overview
Human processes are critically linked to the climate system as
contributing causes of global change, as determinants of
impacts, and through responses. Representing these linkages
poses perhaps the greatest challenge to modelling the total Earth
system. But understanding them is essential to understanding the
behaviour of the whole system and to providing useful advice to
inform policy and response. Significant progress has been made,
but formidable challenges remain.
Human activities have altered the Earth system, and many
such influences are accelerating with population growth and
technological development. The use of fossil fuels and chemical
fertilisers are major influences, as is the human transformation
of much of the Earth's surface in the past 300 years.
Land-use change illustrates the potential complexity of
linkages between human activity and major non-human
components of the Earth system. The terrestrial biosphere is
fundamentally modified by land clearing for agriculture,
industrialisation, urbanisation, and by forest and rangeland
management practices. These changes affect the atmosphere
through an altered energy balance over the more intensively
managed parts of the land surface, as well as through changed
fluxes of water vapour, CO2. CHa and other trace gases between
soils, vegetation, and the atmosphere. Changed land use also
greatly alters the fluxes of carbon, nutrients, and inorganic
sediments into river systems, and consequently into oceanic
coastal zones.
The response of the total Earth system to these changes in
anthropogenic forcing is currently not known. Sensitivity studies
with altered land cover distributions in general circulation models
have shown that drastic changes, such as total deforestation of all
tropical or boreal forests, may lead to feedbacks in atmospheric
circulation and a changed climate that would not support the
original vegetation (e.g., Claussen, 1996). Regional climate
simulations, on the other hand, have shown that at the continental
scale, important teleconnections may exist through which more
modest tropical forest clearing may cause a change in climate in
undisturbed areas. Coupling the global to the local is a key
challenge; regional studies may prove to be uniquely valuable.
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Human land-use change will continue and probably
accelerate due to increasing demands for food and fibre, changes
in forest and water management practices, and possibly largescale projects to sequester carbon in forests or to produce
biomass fuels. In addition, anthropogenic changes in material
and energy fluxes, resulting from such activities as fossil fuel
combustion and chemical fertiliser use, are expected to increase
in the coming decades. Predictions of changes in the carbon and
nitrogen cycles are sensitive to estimates of human activity and
predictions of the impacts of these global changes must take into
account human vulnerability, adaptation, and response.
Predicting the future response of the Earth system to changes in
climate and in parallel to changes in land use and land cover will
require projections of trends in the human contributions to these
global changes; this sort of modelling presents difficult
challenges because of the multiple factors operating at local,
regional, continental, and global levels to influence local landuse decisions.
In sum, the human element probably represents the most
important aspect both of the causes and effects of climate change
and environmental impacts. Any policy intervention will have
human activities as its immediate target.
14.3.2 Humans: Drivers of Global Change: Recipients of
Global Change
The provision of useful guidance to inform policy requires
observation and description of human contributions to global
change, as well as theoretical studies of the underlying social
processes that shape them. We also need to understand how global
change affects human welfare. This requires not merely studies of
direct exposure but also of the capacity to respond.
Causal models of social processes have large uncertainties,
and pose problems that are of a qualitatively different character
than those encountered in modelling non-human components of
the Earth system. This is due, first and foremost, to the inherent
reflexivity of human behaviour; i.e., the fact that human beings
have intellectual capabilities and emotional endowments enabling
them to invent new solutions and transcend established "laws" in
ways that no other species can do. As a consequence, predictive

scenarios showing plausible trajectories and identifying the
critical factors that will have to be targeted in order to switch from
one trajectory to another. From the perspective of policy-makers,
this can indeed be an important contribution.
To make the most of this potential, further progress is required
along two main frontiers. One challenge is to develop a more
integrated understanding of social systems and human behaviour.
With some exceptions, the first generation of models in this area
represented "the human system" by a few key variables. For
example, resource use was often conceived of as a function of
population size and income level. The performance of such
simplistic models was by-and-large poor. It is abundantly clear
that the impact of human activities as drivers of climate change
depends upon a complex set of interrelated factors, including also
technologies in use, social institutions, and individual beliefs,
attitudes, and values. At present, it seems fair to say that we have
a reasonably good theoretical grasp of important types of institutions, such as markets and hierarchies, in ideal-type form. What
we need to understand better is how their impure real-world
counterparts work, and to improve our understanding of the
intricate interplay of institutional complexes, i.e., how markets,
governments and other social institutions interact to shape human
behaviour. Research in political economy clearly indicates that
phenomena such as economic growth are to a significant extent
affected by the functioning of interlocking networks of institutional arrangements.
Similarly, we have a fairly good grasp on particular kinds of
intellectual processes - in particular, the logic of rational choice but we are doing less well when it comes to understanding how
beliefs, attitudes and values change and how change in these
factors in mm affects manifest human behaviour, such as
consumption patterns. To address these challenges we need more
interdisciplinary research designed to integrate knowledge from
different fields and sub-fields into a more holistic understanding
of "the human system". The intellectual and organisational
problems involved should not be underestimated, but we are
confident that the prospects for making progress along this
frontier are better now than ever before.
The other main challenge is to find better ways of integrating
models of the biogeophysical Earth system with models of social

explain - indeed, such models are sometimes deliberately used
exactly for that purpose. Moreover, the diversity of societies,

systems and human behaviour. Some encouraging progress has
been made at this interface, particularly over the last decade. For
example, there has been a rapid increase in attempts to integrate

cultures, and political and economic systems often frustrates

representations of human activities in models with explicit formal

attempts to generalise findings and propositions from one setting

linkages to other components of the Earth system. Such integrated

to another. Representation of human behaviour at the micro
(individual) and macro (collective) scale may require fundamen-

assessment models have offered preliminary characterisations of
human-climate linkages, particularly through models of multiple

tally different approaches (see Gibson et at, 1998).

linked human and climate stresses on land cover. Moreover, they

These kinds of difficulties intrinsically limit the predictive
power that can be ascribed to models of social processes. As a
consequence, research on human drivers and responses to climate
change cannot be expected to produce conventional predictions
beyond a very short time horizon. This does not imply, however,
that research on human behaviour and social processes cannot
provide knowledge and insight that can inform policy deliberations. A considerable amount of basic knowledge and insight
exist, and this knowledge can be used, inter alia, for constructing

have provided preliminary characterisation of broad classes of

models may well alter the behaviour that they seek to predict and

policy responses, and have been employed to characterise and
prioritise policy relevant uncertainties.

Yet, effective integration is frustrated by at least two main
obstacles. One is incongruity of temporal and spatial scales. Social
science research cannot match the long time horizons of much
natural science research. On the other hand, in studying
consequences for human welfare and responses to these
consequences, social scientists need estimates. of biophysical
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impacts of climate change differentiated by political units or even
smaller social systems. Aggregate global-scale estimates are of
limited use in this context; human sensitivity to climate change
varies significantly across regions and social groups, and so does
response capacity. We can expect to see some progress in alleviating the spatial resolution problem, as regional-scale models of
climate change are further developed, but we have to recognise
that the scale problems are fundamental and that no quick fixes are
in sight. The other problem pertains to the interface between
different methodological approaches. In particular, concerted
efforts are required to develop better tools for coupling approaches
relying on numerical modelling with "softer" approaches using
interpretative frameworks and qualitative methods. Some of these
differences are too profound to be eliminated, but that does not
imply that bridges cannot be built. Learning how to work more
effectively across these methodological divides is essential to the
further development of integrated global change research. Again,
some encouraging progress is being made.
14A Outlook
There is a growing recognition in the scientific community and
more broadly that:
• The Earth functions as a system, with properties and behaviour
that are characteristic of the system as a whole. These include
critical thresholds, "switch" or "control" points, strong nonhnearities, teleconnections, chaotic elements, and unresolvable
uncertainties. Understanding the components of the Earth
system is critically important, but is insufficient on its own to
understand the functioning of the Earth system as a whole.
• Humans are now a significant force in the Earth system, altering
key process rates and absorbing the impacts of global environmental changes. The environmental significance of human
activities is now so profound that the current geological era can
be called the "Anthropocene" ( Crutzen and Stoertner, 2000).
A scientific understanding of the Earth system is required to
help human societies develop in ways that sustain the global life
support system. The clear challenge of understanding climate
variability and change and the associated consequences and
feedbacks is a specific and important example of the need for a
scientific understanding of the Earth as a system. It is also clear
that the scientific study of the whole Earth system, taking account
of its full functional and geographical complexity over time,
requires an unprecedented effort of international collaboration. It
is well beyond the scope of individual countries and regions.
The world's scientific community, working in part through the
three global environmental change programmes (the International
Geosphere-Biosphere Programme (1GBP), the International
Human Dimensions Programme on Global Environmental
Change (IHDP), and the World Climate Research Programme
(WCRP)), has built a solid base for understanding the Earth
system. The IGBP, HiDP and WCRP have also developed
effective and efficient strategies for implementing global environmental change research at the international level. The challenge to
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IGBP, £HDP and WCRP is to build an international programme of
Earth system science, driven by a common mission and common
questions, employing visionary and creative scientific approaches,
and based on an ever closer collaboration across disciplines,
research themes, programmes, nations and regions.
We need to build on our existing understanding of the Earth
system and its interactive human and non-human processes
through time in order to:
• improve evaluation and understanding of current and future
global change; and
• place on an increasingly firm scientific basis the challenge of
sustaining the global environment for future human societies.
The climate system is particularly challenging since it is
known that components in the system are inherently chaotic, and
then: are central components which affect the system in a nonlinear manner and potentially could switch the sign of critical
feedbacks. The non-linear processes include the basic dynamical
response of the climate system and the interactions between the
different components. These complex, non-linear dynamics are an
inherent aspect of the climate system. -Amongst the impnrtant nnnlinear processes are the role of clouds, the thermohaline circulation, and sea ice. There are other broad non-hnear components,
the biogeochemical system and, in particular, the carbon system,
the hydrological cycle, and the chemistry of the atmosphere.
Given the complexity of the climate system and the inherent
multi-0ecadal time-scale, there is a central and unavoidable need
for long-term consistent data to support climate and environmental change investigations. Data from the present and recent
past, credible global climate-relevant data for the last few
centuries, along with lower frequency data for the last several
millennia, are all needed. Research observational data sets that
span significant temporal and spatial scales are needed so that
models can be refined, validated, or perhaps, most importantly,
rejected. The elimination of models because they are in conflict
with climate-relevant data is particularly important. Running
unrealistic models will consume scarce computing resources, and
the results may add unrealistic information to the needed distribution functions. Such data must be adequate in temporal and
spatial coverage, in parameters measured, and in precision, to
permit meaningful validation. We are still unfortunately short of
data for the quantitative assessment of extremes on the global
scale in the observed climate.
In sum, them is a need for:
• more comprehensive data, contemporary, historical, and
palaeological, relevant to the climate system;
• expanded process studies that more clearly elucidate the
structure of fundamental components of the Earth system and
the potential for changes in these central components;
• greater effort in testing and developing increasingly comprehensive and sophisticated Earth system models;
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• increased emphasis upon producing ensemble calculations of
Earth system models that yield descriptions of the likelihood of
a broad range of different possibilities, and finally;
• new efforts in understanding the fundamental behaviour of
large-scale non--0near systems.

These are significant challenges, but they are not insurmountable.
The challenges to understanding the Earth system including the
human component are daunting, and the pressing needs are significant. However, the opportunity for progress exists, and, in fact, this
opportunity simply must be realised. The issues are too important,
and they will not vanish. The challenges simply must be met.
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Appendix I

Glossary
Editor: A.P.M. Baede
A^ indicates that the following term is also contained in dus Glossary.

Adjustment time
See: ->Lifetime; see also: ^Response time.
Aerosols
A collection of airborne solid or liquid particles, with a typical
size between 0.01 and 10 gm and residing in the atmosphere for
at least several hours. Aerosols may be of either natural or
anthropogenic origin. Aerosols may influence climate in two
ways: directly through scattering and absorbing radiation, and
indirectly through acting as condensation nuclei for cloud
formation or modifying the optical properties and lifetime of
clouds. See: -Indirect aerosol effect.
The term has also come to be associated, erroneously, with
the propellant used in "aerosol sprays'.
Afforestation
Planting of new forests on lands that historically have not
contained forests. For a discussion of the term --)forest and
related terms such as afforestation, ^reforestation, and
->deforestation: see the IPCC Report on Land Use, Land-Use
Change and Forestry (IPCC, 2000).
Albedo
The fraction of solar radiation reflected by a surface or object,
often expressed as a percentage. Snow covered surfaces have a
high albedo; the albedo of soils ranges from high to low; vegetation covered surfaces and oceans have a low albedo. The Earth's
albedo varies mainly through varying cloudiness, snow, ice, leaf
area and land cover changes.
Altimetry
A technique for the measurement of the elevation of the sea, land
or ice surface. For example, the height of the sea surface (with
respect to the centre of the Earth or, more conventionally, with
respect to a standard "ellipsoid of revolution") can be measured
from space by current state-of-the art radar altimetry with

centrimetric precision. Altimetry has the advantage of being a
measurement relative to a geocentric reference frame, rather than
relative to land level as for a-xide gauge, and of affording quasiglobal coverage.
Anthropogenic
Resulting from or produced by human beings.
Atmosphere
The gaseous envelope surrounding the Earth. The dry
atmosphere consists almost entirely of nitrogen (78.1'fo volume
mixing ratio) and oxygen (20.9% volume mixing ratio),
together with a number of trace gases, such as argon (0.93%
volume mixing ratio), helium, and radiatively active
->greenhouse gases such as --- >carbon dioxide (0.035% volume
mixing ratio), and ozone. In addition the atmosphere contains
water vapour, whose amount is highly variable but typically 1%
volume mixing ratio. The atmosphere also contains clouds and
->aerosols.
Attribution
See: ->Detection and attribution.
Autotrophic respiration
-->Respimtion by photosynthetic organisms (plants).
Biomass
The total mass of living organisms in a given area or volume;
recently dead plant material is often included as dead biomass.
Biosphere (terrestrial and marine)
The part of the Earth system comprising all ^cosystems and
living organisms, in the atmosphere, on land (terrestrial
biosphere) or in the oceans (marine biosphere), including derived
dead organic matter, such as litter, soil organic matter and oceanic
detritus.
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Black carbon
Operationally defined species based on measurement of light
absorption and chemical reactivity and/or thermal stability;
consists of soot, charcoal. and/or possible light-absorbing refractory organic matter. (Source: Charlson and Heintzenberg, 1995,
p. 401.)
Burden
The total mass of a gaseous substance of concern in the
atmosphere.
Carbonaceous aerosol
Aerosol consisting predominantly of organic substances and
various forms of ->black carbon. (Source: Charlson and
Heintzenberg, 1995, p. 401.)
Carbon cycle
The term used to describe the flow of carbon (in various forms,
e.g. as carbon dioxide) through the atmosphere, ocean, terrestrial
-+biosphere and lithosphere.
Carbon dioxide (COz)
A naturally occurring gas, also a by-product of burning fossil
fuels and --rbiomass, as well as -aland-use changes and other
It is the principal anthropogenic
industrial processes.
-agreenhouse gas that affects the earth's radiative balance. It is
the reference gas against which other greenhouse gases are
measured and therefore has a-tGlobal Warming Potential of 1.
Carbon dioxide (C02) fertilisatlon
The enhancement of the growth of plants as a result of increased
atmospheric CO, concentration. Depending on their mechanism
of --^photosynthesis, certain types of plants are more sensitive to
changes in atmospheric CO2 concentratioin. In particular, ->C}
plants generally show a larger response to CO, than -->C4 plants.
Charcoal
Material resulting from charring of biomass, usually retaining
some of the microscopic texture typical of plant tissues;
chemically it consists mainly of carbon with a disturbed graphitic
structure, with lesser amounts of oxygen and hydrogen. See:
^Black carbon; Soot particles. (Source: Charlson and
Heintzenberg, 1995, p. 402.)
Climate
Climate in a narrow sense is usually defined as the "average
weather", or more rigorously, as the statistical description in
terms of the mean and variability of relevant quantities over a
period of time ranging from months to thousands or millions of
years. The classical period is 30 years, as defined by the World
Meteorological Organization (WMO). These quantities are most
often surface variables such as temperature, precipitation, and
wind. Climate in a wider sense is the state, including a statistical
description, of the -+climate system.
Climate change
Climate change refers to a statistically significant variation in

either the mean state of the climate or in its variability, persisting
for an extended period (typically decades or longer). Climate
change may be due to natural internal processes or external
forcings, or to persistent anthropogenic changes in the composi
tion of the atmosphere or in land use.
Note that the -->Framework Convention on Climate Change
(UNFCCC), in its Article 1, defines "climate change' as: "a
change of climate which is attributed directly or indirectly to
human activity that alters the composition of the global
atmosphere and which is in addition to natural climate
variability observed over comparable time periods". The
UNFCCC thus makes a distinction between "climate change"
attributable to human activities altering the atmospheric
composition, and "climate variability" attributable to natural
causes.
See also: -tClimate variability.
Climate feedback
An interaction mechanism between processes in the ->climate
system is called a climate feedback, when the result of an initial
process triggers changes in a second process that in turn
influences the initial one. A positive feedback intensifies the
original process, and a negative feedback reduces it.
Climate model (hierarchy)
A numerical representation of the ^climate system based on the
physical, chemical and biological properties of its components,
their interactions and feedback processes, and accounting for all
or some of its known properties. The climate system can be
represented by models of varying complexity, i.e. for any one
component or combination of components a hierumhy of models
can be identified, differing in such aspects as the number of
spatial dimensions, the extent to which physical, chemical or
biological processes are explicitly represented, or the level at
which empirical -aparametrizations are involved. Coupled
Models
atmospherelocean/sea-ice General Circulation
(AOGCMs) provide a comprehensive representation of the
climate system. There is an evolution towards more complex
models with active chemistry and biology.
Climate models are applied, as a research tool, to study and
simulate the climate, but also for operational purposes, including
monthly, seasonal and interannual ->climate predictions.
Climate prediction
A climate prediction or climate forecast is the result of an
attempt to produce a most likely description or estimate of the
actual evolution of the climate in the future, e.g. at seasonal,
^Climate
interannual or long-term time scales. See also:
projection and ->Climate (change) scenario.
Climate projection
A^projection of the response of the climate system to
->emission or concentration scenarios of greenhouse gases and
aerosols, or -aradiative forcing scenarios, often based upon
simulations by -->climate models. Climate projections are distinguished from -tclimate predictions in order to emphasise that
climate projections depend upon the emission/concentration/
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radiative forcing scenario used, which are based on assumptions,
concerning, e.g., future socio-economic and technological
developments, that may or may not be realised, and are therefore
subject to substantial uncertainty.

Climate scenario
A plausible and often simplified representation of the future
climate, based on an internally consistent set of climatological
relationships, that has been constructed for explicit use in
investigating the potential consequences of anthropogenic
->climate change, often serving as input to impact models.
-4Climate projections often serve as the raw material for
constructing climate scenarios, but climate scenarios usually
require additional information such as about the observed
current climate. A climate change scenario is the difference
between a climate scenario and the current climate.

CO, fertilisation
See -4Carbon dioxide (CO2) fertilisation

Cooling degree days
The integral over a day of the temperature above 18°C (e.g. a
day with an average temperature of 20°C counts as 2 cooling
degree days). See also: -->Heating degree days.
Cryosphere
The component of the ^climate system consisting of all snow,
ice and permafrost on and beneath the surface of the earth and
ocean. See: -rGlacier; ^Ice sheet.
C3 Plants
Plants that produce a three-carbon compound during photosynthesis; including most trees and agricultural crops such as
rice, wheat, soyabeans, potatoes and vegetables.

Climate sensitivity
In IPCC Reports, equilibrium climate sensitivity refers to the
equilibrium change in global mean surface temperature
following a doubling of the atmospheric (-+equivalent) CO2
concentration. More generally, equilibrium climate sensitivity
refers to the equilibrium change in surface air temperature

Cy plants
Plants that produce a four-carbon compound during photosynthesis; mainly of tropical origin, including grasses and the
agriculturally important crops maize, sugar cane, millet and
sorghum.

following a unit change in ->radiative forcing (°C/Wm '). In
practice, the evaluation of the equilibrium climate sensitivity
requires very long simulations with Coupled General
Circulation Models (^Climate model).
The effective climate sensitivity is a related measure that
circumvents this requirement. It is evaluated from model output

Deforestation
Conversion of forest to non-forest. For a discussion of the term
^forest and related terms such as -iafforestation,
—*reforestation, and deforestation: see the IPCC Report on
Land Use, Land-Use Change and Forestry (IPCC, 2000).

for evolving non-equilibrium conditions. It is a measure of the
strengths of the -afeedbacks at a particular time and may vary
with forcing history and climate state. Details are discussed in
Section 9.2.1 of Chapter 9 in this Report.

Desertification
Land degradation in arid, semi-arid, and dry sub-humid areas
resulting from various factors, including climatic variations and
human activities. Further, the UNCCD (The United Nations

Climate system

Convention to Combat Desertification) defines land degrada-

The climate system is the highly complex system consisting of
five major components: the ^atmosphere, the -ahydrosphere,

tion as a reduction or loss, in arid, semi-arid, and dry sub-humid

the ^cryosphere, the land surface and the ->biosphere, and the
interactions between them. The climate system evolves in time

areas, of the biological or economic productivity and
complexity of rain-fed cropland, irrigated cropland, or range,
pasture, forest, and woodlands resulting from land uses or from

under the influence of its own internal dynamics and because of

a process or combination of processes, including processes

external forcings such as volcanic eruptions, solar variations and
human-induced forcings such as the changing composition of

arising from human activities and habitation patterns, such as:
(i) soil erosion caused by wind and/or water; (ii) deterioration

the atmosphere and ->land-use change.

of the physical, chemical and biological or economic properties
of soil; and (iii) long-term loss of natural vegetation.

Climate variability
Climate variability refers to variations in the mean state and
other statistics (such as standard deviations, the occurrence of
extremes, etc.) of the climate on all temporal and spatial scales
beyond that of individual weather events. Variability may be due
to natural internal processes within the climate system (internal
variability), or to variations in natural or anthropogenic external
forcing (external variability). See also: -)Climate change.
Cloud condensation nuclei
Airborne particles that serve as an initial site for the condensation of liquid water and which can lead to the formation of cloud
droplets. See also: -rAerosnls.

Detection and attribution
Climate varies continually on all time scales. Detection of
->climate change is the process of demonstrating that climate
has changed in some defined statistical sense, without
providing a reason for that change. Attribution of causes of
climate change is the process of establishing the most likely
causes for the detected change with some defined level of
confidence.
Diurnal temperature range
The difference between the maximum and minimum temperature during a day.
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Dobson Unit (DU)
A unit to measure the total amount of ozone in a vertical column
above the Earth's surface. The number of Dobson Units is the
thickness in units of l0-5 in, that the ozone column would occupy
if compressed into a layer of uniform density at a pressure of
1013 hPa, and a temperature of 0°C. One DU corresponds to a
column of ozone containing 2.69 x 1020 molecules per square
meter. A typical value for the amount of ozone in a column of the
Earth's atmosphere, although very variable, is 300 DU.
Ecosystem
A system of interacting living organisms together with their
physical environment. The boundaries of what could be called an
ecosystem are somewhat arbitrary, depending on the focus of
interest or study. Thus the extent of an ecosystem may range from
very small spatial scales to, ultimately, the entire Earth.
El Nino-Southern Oscillation (ENSO)
El Nino, in its original sense, is a warm water current which
periodically flows along the coast of Ecuador and Peru,
disrupting the local fishery. This oceanic event is associated with
a fluctuation of the intertropical surface pressure pattern and
circulation in the Indian and Pacific oceans, called the Southern
Oscillation. This coupled atmosphere-ocean phenomenon is
collectively known as El Nino-Southern Oscillation, or ENSO.
During an El Nino event, the prevailing trade winds weaken and
the equatorial countercurrent strengthens, causing warm surface
waters in the Indonesian area to flow eastward to overlie the cold
waters of the Peru current. This event has great impact on the
wind, sea surface temperature and precipitation patterns in the
tropical Pacific. It has climatic effects throughout the Pacific
region and in many other parts of the world. The opposite of an
El Ni'no event is called La Nina.
Emission scenario
A plausible representation of the future development of
emissions of substances that are potentially radiatively active
(e.g. --igreenhouse gases, ^aerosols), based on a coherent and
internally consistent set of assumptions about driving forces
(such as demographic and socio-economic development, technological change) and their key relationships.
Concentration scenarios, derived from emission scenarios,
are used as input into a climate model to compute ^climate
projections.
In IPCC (1992) a set of emission scenarios was presented
which were used as a basis for the -->climate projections in IPCC
(1996). These emission scenarios are referred to as the IS92
scenarios. In the IPCC Special Report on Emission Scenarios
(NakiPenovif et al., 2000) new emission scenarios, the so called
-tSRES scenarios, were published some of which were used,
among others, as a basis for the climate projections presented in
Chapter 9 of this Report. For the meaning of some terms related
to these scenarios, see -aSRES scenarios.
Energy balance
Averaged over the globe and over longer time periods, the energy
budget of the -4climate system must be in balance. Because the

climate system derives all its energy from the Sun, this balance
implies that, globally, the amount of incoming -->solar radiation
must on average be equal to the sum of the outgoing reflected
solar radiation and the outgoing ^infmred radiation emitted by
the climate system. A perturbation of this global radiation
balance, be it human induced or natural, is called ->mdiative
forcing.

Equilibrium and transient climate experiment
An equilibrium climate experiment is an experiment in which a
-aclimate model is allowed to fully adjust to a change in
^mdiative forcing. Such experiments provide information on the
difference between the initial and final states of the model, but
not on the time-dependent response. If the forcing is allowed to
evolve gradually according to a prescribed --semission scenario,
the time dependent response of a climate model may be analysed.
Such experiment is called a transient climate experiment. See:
->Climate projection.

Equivalent CO2 (carbon dioxide)
The concentration of -CO2 that would cause the same amount
of --radiative forcing as a given mixture of CO, and other
^greenhouse gases.

Eustatic sea-level change
A change in global average sea level brought about by an
alteration to the volume of the world ocean. This may be caused
by changes in water density or in the total mass of water. In
discussions of changes on geological time-scales, this term
sometimes also includes changes in global average sea level
caused by an alteration to the shape of the ocean basins. In this
Report the term is not used with that sense.
Evapotranspiration
The combined process of evaporation from the Earth's surface
and transpiration from vegetation.
External forcing
See: ->Climate system.
Extreme weather event
An extreme weather event is an event that is rare within its statistical reference distribution at a particular place. Definitions of
"rare' vary, but an extreme weather event would normally be as
rare as or rarer than the l0th or 90th percentile. By definition, the
characteristics of what is called extreme weather may vary from
place to place.
An extreme climate event is an average of a number of
weather events over a certain period of time, an average which is
itself extreme (e.g. rainfall over a season).
Faculae
Bright patches on the Sun. The area covered by faculae is greater
during periods of high ->solar activity .
Feedback
See: -4Climate feedback.
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Flux adjustment
To avoid the problem of coupled atmosphere-ocean general
circulation models drifting into some unrealistic climate
state, adjustment terms can be applied to the atmosphereocean fluxes of heat and moisture (and sometimes the
surface stresses resulting from the effect of the wind on the
ocean surface) before these fluxes are imposed on the model
ocean and atmosphere. Because these adjustments are
precomputed and therefore independent of the coupled
model integration, they are uncorrelated to the anomalies
which develop during the integration. In Chapter 8 of this
Report it is concluded that present models have a reduced
need for flux adjustment.
Forest
A vegetation type dominated by trees. Many definitions of the
term forest are in use throughout the world, reflecting wide
differences in bio-geophysical conditions, social structure, and
economics. For a discussion of the term forest and related terms
such as ->afforestation, ^reforesmtion, and ^deforestation: see
the IPCC Report on Land Use, Land-Use Change and Forestry
(IPCC, 2000).
Fossil CO, (carbon dioxide) emissions
Emissions of CO, resulting from the combustion of fuels from
fossil carbon deposits such as oil, gas and coal.
Framework Convention on Climate Change See: ^United
Nations Framework Convention on Climate Change (UNFCCC).

General Circulation
The large scale motions of the atmosphere and the ocean as a
consequence of differential heating on a rotating Earth, aiming to
restore the ^energy balance of the system through transport of
heat and momentum.
General Circulation Model (GCM)
See: -aClimate model.

Global surface temperature
The global surface temperature is the area-weighted global
average of (i) the sea-surface temperature over the oceans ( i.e. the
subsurface bulk temperature in the first few meters of the ocean),
and (ii) the surface-air temperature over land at 1.5 to above the
ground.
Global Warming Potential (GWP)
An index, describing the radiative characteristics of well mixed
^greenhouse gases, that represents the combined effect of the
differing times these gases remain in the atmosphere and their
relative effectiveness in absorbing outgoing ->infrared radiation.
This index approximates the time-integrated warming effect of a
unit mass of a given greenhouse gas in today's atmosphere,
relative to that of ^carbon dioxide.
Greenhouse effect
^Greenhouse gases effectively absorb ->infrared radiation,
emitted by the Earth's surface, by the atmosphere itself due to the
same gases, and by clouds. Atmospheric radiation is emitted to all
sides, including downward to the Earth's surface. Thus
greenhouse gases trap heat within the surface-troposphere
system. This is called the rmturnl greenhouse effect.
Atmospheric radiation is strongly coupled to the temperature
of the level at which it is emitted. In the -troposphere the
temperature generally decreases with height. Effectively, infrared
radiation emitted to space originates from an altitude with a
temperature of, on average, -19°C, in balance with the net
incoming solar radiation, whereas the Earth's surface is kept at a
much higher temperature of, on average, +14°C.
An increase in the concentration of greenhouse gases leads to
an increased infrared opacity of the atmosphere, and therefore to
an effective radiation into space from a higher altitude at a lower
temperature. This causes a^radiative forcing, an imbalance that
can only be compensated for by an increase of the temperature of
the surface-troposphere system. This is the enhanced greenhouse
effect.
Greenhouse gas

Geoid
The surface which an ocean of uniform density would assume if
it were in steady state and at rest (i.e. no ocean circulation and no
applied forces other than the gravity of the Earth). This implies
that the geoid will be a surface of constant gravitational potential,
which can serve as a reference surface to which all surfaces (e.g.,
the Mean Sea Surface) can be referred. The geoid (and surfaces
parallel to the geoid) are what we refer to in common experience
as "level surfaces".
Glacier
A mass of land ice flowing downhill (by internal deformation and
sliding at the base) and constrained by the surrounding
topography e.g. the sides of a valley or surrounding peaks; the
bedrock topography is the major influence on the dynamics and
surface slope of a glacier. A glacier is maintained by accumulation of snow at high altitudes, balanced by melting at low
altitudes or discharge into the sea.

Greenhouse gases are those gaseous constituents of the
atmosphere, both natural and anthropogenic, that absorb and emit
radiation at specific wavelengths within the spectrum of infrared
radiation emitted by the Earth's surface, the atmosphere and
clouds. This property causes the ^greenhouse effect. Water
vapour (H2O), carbon dioxide (CO,), nitrous oxide (N20),
methane (CH4) and ozone (03) are the primary greenhouse gases
in the Earth's atmosphere. Moreover there are a number of
entirely human-made greenhouse gases in the atmosphere, such
as the ->halocarbons and other chlorine and bromine containing
substances, dealt with under the ->Montreal Protocol. Beside
CO,, N20 and CH4, the ->Kyoto Protocol deals with the
greenhouse gases sulphur hexafluoride (SF6), hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs).
Gross Primary Production (GPP)
The amount of carbon fixed from the atmosphere through
->photosynthesis.
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Grounding Hue/zone
The junction between --rice sheet and -tice shelf or the place
where the ice starts to float.
Halocarbons
Compounds containing either chlorine, bromine or fluorine and
carbon. Such compounds can act as powerful ->greenhouse
gases in the atmosphere. The chlorine and bromine containing
halocarbons are also involved in the depletion of the -*ozone
layer.
Heating degree days
The integral over a day of the temperature below 18°C (e.g. a day
with an average temperature of 16°C counts as 2 heating degree
days). See also: ->Cooling degree days.
Heterotrophic respiration
The conversion of organic matter to CO, by organisms other than
plants.
Hydrosphere
The component of the climate system comprising liquid surface
and subterranean water, such as: occans, scas, rivers, fresh water
lakes, underground water etc.
Ice cap
A dome shaped ice mass covering a highland area that is considerably smaller in extent than an^ice sheet.
Ice sheet
A mass of land ice which is sufficiently deep to cover most of the
underlying bedrock topography, so that its shape is mainly
determined by its internal dynamics (the flow of the ice as it
deforms internally and slides at its base). An ice sheet flows
outwards from a high central plateau with a small average surface
slope. The margins slope steeply, and the ice is discharged
through fast-flowing ice streams or outlet glaciers, in some cases
into the sea or into ice-shelves floating on the sea. There are only
two large ice sheets in the modem world, on Greenland and
Antarctica, the Antarctic ice sheet being divided into East and
West by the Transantarctic Mountains; during glacial periods
there were others.
Ice shelf
A floating ^ice sheet of considerable thickness attached to a
coast (usually of great horizontal extent with a level or gently
undulating surface); often a seaward extension of ice sheets.
Indirect aerosol effect
->Aerosols may lead to an indirect -xadiative forcing of the
-->climate system through acting as condensation nuclei or
modifying the optical properties and lifetime of clouds. TWO
indirect effects are distinguished:
First indirect effect
A radiative forcing induced by an increase in anthropogenic
aerosols which cause an initial increase in droplet concentration
and a decrease in droplet size for fixed liquid water content,
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leading to an increase of cloud ^albedo. This effect is also
known as the Twomey effect. This is sometimes referted to as the
cloud albedo effect. However this is highly misleading since the
second indirect effect also alters cloud albedo.
Second indirect effect
A radiative forcing induced by an increase in anthropogenic
aerosols which cause a decrease in droplet size, reducing the
precipitation efficiency, thereby modifying the liquid water
content, cloud thickness, and cloud life time. This effect is also
known as the cloud life time effect or Albrecht effect.

Industrial revolution
A period of rapid industrial growth with far-reaching social and
economic consequences, beginning in England during the second
half of the eighteenth century and spreading to Europe and later
to other countries including the United States. The invention of
the steam engine was an important trigger of this development.
The industrial revolution marks the beginning of a strong
increase in the use of fossil fuels and emission of, in particular,
fossil carbon dioxide. In this Report the terms pre-industrial and
industrial refer, somewhat arbitrarily, to the periods before and
after 1750, respectively.
Infrared radiation
Radiation emitted by the earth's surface, the atmosphere and the
clouds. It is also known as terrestrial or long-wave radiationInfrared radiation has a distinctive range of wavelengths
("spectrum") longer than the wavelength of the red colour in the
visible part of the spectrum. The spectrum of infrared radiation is
practically distinct from that of -asolar or short-wave radiation
because of the difference in temperature between the Sun and the
Earth-atmosphere system.
Integrated assessment
A method of analysis that combines results and models from the
physical, biological, economic and social sciences, and the
interactions between these components, in a consistent
framework, to evaluate the status and the consequences of
environmental change and the policy responses to it.
Internal variability
See: -aClimate variability.
Inverse modelling
A mathematical procedure by which the input to a model is
estimated from the observed outcome, rather than vice versa. It
is, for instance, used to estimate the location and strength of
sources and sinks of CO2 from measurements of the distribution
of the CO2 concentration in the atmosphere, given models of the
global -^carbon cycle and for computing atmospheric transport.
Isostatic land movements
Isostasy refers to the way in which the ^lithosphere and mantle
respond to changes in surface loads. When the loading of the
lithosphere is changed by alterations in land ice mass, ocean
mass, sedimentation, erosion or mountain building, vertical
isostatic adjustment results, in order to balance the new load.
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Kyoto Protocol
The Kyoto Protocol to the United Nations ->Framework
Convention on Climate Change (UNFCCC) was adopted at the
Third Session of the Conference of the Parties (COP) to the
United Nations ^Framework Convention on Climate Change, in
1997 in Kyotd, Japan. It contains legally binding commitments,
in addition to those included in the UNFCCC. Countries included
in Annex B of the Protocol (most OECD countries and countries
with economies in transition) agreed to reduce their
anthropogenic -->greenhouse gas emissions (CO2, CHa, NZO,
HFCs, PFCs, and SF6) by at least 5% below 1990 levels in the
commitment period 2008 to 2012. The Kyoto Protocol has not
yet entered into force (April 2001).

Land use
The total of arrangements, activities and inputs undertaken in a
certain land cover type (a set of human actions). The social and
economic purposes for which land is managed (e.g., grazing,
timber extraction, and conservation).

--^Carbon dioxide (CO2) is an extreme example. Its turnover time
is only about 4 years because of the rapid exchange between
atmosphere and the ocean and terrestrial biota. However, a large
part of that CO2 is returned to the atmosphere within a few years.
Thus, the adjustment time of CO, in the atmosphere is actually
determined by the rate of removal of carbon from the surface
layer of the oceans into its deeper layers. Although an approximate value of 100 years may be given for the adjustment time of
CO, in the atmosphere, the actual adjustment is faster initially
and slower later on. In the case of methane (CH4) the adjustment
time is different from the turnover time, because the removal is
mainly through a chemical reaction with the hydroxyl radical
OH, the concentration of which itself depends on the CH4
concentration. Therefore the CH4 removal S is not proportional to
its total mass M.
Lithosphere
The upper layer of the solid Earth, both continental and oceanic,
which comprises all crustal rocks and the cold, mainly elastic,
part of the uppermost mantle. Volcanic activity, although part of

Land-use change
A change in the use or management of land by humans, which
may lead to a change in land cover. Land cover and land-use
change may have an impact on the ^albedo, -revapotranspiration, ->sources and ->sinks of ->greenhouse gases, or other
properties of the ^climate system and may thus have an impact
on climate, locally or globally. See also: the IPCC Report on
Land Use, Land-Use Change, and Forestry (IPCC, 2000).
La Nina
See: -aEI Nino-Southem Oscillation.
Lifetime
Lifetime is a general term used for various time-scales characterising the rate of processes affecting the concentration of trace
gases. The following lifetimes may be distinguished:
Turnover time (T) is the ratio of the mass M of a reservoir
(e.g., a gaseous compound in the atmosphere) and the total rate
of removal S from the reservoir: T = M/S. For each removal
process separate turnover times can be defined. In soil carbon

the lithosphere, is not considered as part of the ^climate system,
but acts as an external forcing factor. See: --Nsostatic land
movements.

LOSU (Level of Scientific Understanding)
This is an index on a 4-step scale (High, Medium, Low and Very
Low) designed to characterise the degree of scientific
understanding of the radiative forcing agents that affect climate
change. For each agent, the index represents a subjective
judgement about the reliability of the estimate of its forcing,
involving such factors as the assumptions necessary to evaluate
the forcing, the degree of knowledge of the physical/ chemical
mechanisms determining the forcing and the uncertainties
surrounding the quantitative estimate.
Mean Sea Level

See: ^Relative Sea Level.
Mitigation
A human intervention to reduce the ^sources or enhance the

biology this is referred to as Mean Residence Time (MRT).
Adjustment time or response nine (T,) is the time-scale

->sinks of ^greenhouse gases.

characterising the decay of an instantaneous pulse input into the
reservoir. The term adjustment time is also used to characterise

Mixing ratio
See: ->Mole fraction.

the adjustment of the mass of a reservoir following a step change
in the source strength. Half-life or decay constant is used to
quantify a first-order exponential decay process. See:
^Response time, for a different definition pertinent to climate
variations. The term lifetime is sometimes used, for simplicity, as
a surrogate for adjustment time.
In simple cases, where the global removal of the compound is
directly proportional to the total mass of the reservoir, the adjustment time equals the turnover time: T = T,. An example is CFCl l which is removed from the atmosphere only by photochemical processes in the stratosphere. In more complicated cases,
where several reservoirs are involved or where the removal is not
proportional to the total mass, the equality T= T. no longer holds.

Model hierarchy
See: ^Climate model.
Mole fraction
Mole fraction, or mixing ratio, is the ratio of the number of moles
of a constituent in a given volume to the total number of moles of
all constituents in that volume. It is usually reported for dry air.
Typical values for long-lived ^greenhouse gases are in the order
of µmoVmol (parts per million: ppm), nmoUmol (parts per
billion: ppb), and fmollmol (parts per trillion: ppt). Mole fraction
differs from volume mixing ratio, often expressed in ppmv etc.,
by the corrections for non-ideality of gases. This correction is
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significant relative to measurement precision for many
greenhouse gases. (Source: Schwartz and Wameck, 1995).

Montreal Protocol
The Montreal Protocol on Substances that Deplete the Ozone
Layer was adopted in Montreal in 1987, and subsequently
adjusted and amended in London ( 1990), Copenhagen (1992),
Vienna (1995), Montreal ( 1997) and Beijing ( 1999). It controls
the consumption and production of chlorine- and brominecontaining chemicals that destroy stratospheric ozone, such as
CFCs, methyl chloroform, carbon tetrachloride, and many
others.
Net Biome Production (NBP)
Net gain or loss of carbon from a region. NBP is equal to the
^Net Ecosystem Production minus the carbon lost due to a
disturbance, e.g. a forest fire or a forest harvest.
Net Ecosystem Production (NEP)
Net gain or loss of carbon from an -->ecosystem. NEP is equal to
the ->Net Primary Production minus the carbon lost through
^heterotrophic respiration.
Net Primary Production (NPP)
The increase in plant -->biomass or carbon of a unit of a
landscape. NPP is equal to the ^Gross Primary Production
minus carbon lost through -4autotrophic respiration.
Nitrogen fertilisation
Enhancement of plant growth through the addition of nitrogen
compounds. In IPCC Reports, this typically refers to fertilisation from anthropogenic sources of nitrogen such as humanmade fertilisers and nitrogen oxides released from burning
fossil fuels.
Non-linearity
A process is called "non-linear" when there is no simple proportional.relation between cause and effect. The ^climate system
contains many such non-linear processes, resulting in a system
with a potentially very complex behaviour. Such complexity may
lead to ^mpid climate change.
North Atlantic Oscillation (NAO)
The North Atlantic Oscillation consists of opposing variations
of barometric pressure near Iceland and near the Azores. On
average, a westerly current, between the Icelandic low
pressure area and the Azores high pressure area, carries
cyclones with their associated frontal systems towards
Europe. However, the pressure difference between Iceland and
the Azores fluctuates on time-scales of days to decades, and
can be reversed at times.
Organic aerosol
->Aerosol particles consisting predominantly of organic
compounds, mainly C, H, 0, and lesser amounts of other
elements. (Source: Charlson and Heintzenberg, 1995, p. 405.)
See: ->Carbonaceous aerosol.
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Ozone
Ozone, the triatomic form of oxygen (03), is a gaseous
atmospheric constituent. In the -->troposphere it is created both
naturally and by photochemical reactions involving gases
resulting from human activities ("smog"). Tropospheric ozone
acts as a-tgreenhouse gas. In the -->stratosphere it is created by
the interaction between solar ultraviolet radiation and molecular
oxygen (07). Stratospheric ozone plays a decisive role in the
stratospheric radiative balance. Its concentration is highest in the
->ozone layer.
Ozone hole
See: -->Ozone layer.

Ozone layer
The ^stratosphere contains a layer in which the concentration of
ozone is greatest, the so called ozone layer. The layer extends
from about 12 to 40 km. The ozone concentration reaches a
maximum between about 20 and 25 km. This layer is being
depleted by human emissions of chlorine and bromine
compounds. Every year, during the Southern Hemisphere spring,
a very strong depletion of the ozone layer takes place over the
Antarctic region, also caused by human-made chlorine and
bromine compounds in combination with the specific meteorological conditions of that region. This phenomenon is called the
ozone hole.
Parametrization
In ->climate models, this term refers to the technique of
representing processes, that cannot be explicitly resolved at the
spatial or temporal resolution of the model (sub-grid scale
processes), by relationships between the area or time averaged
effect of such sub-grid scale processes and the larger scale flow.
Patterns of climate variability
Natural variability of the ->climate system, in particular on
seasonal and longer time-scales, predominantly occurs in
preferred spatial patterns, through the dynamical non-linear
characteristics of the atmospheric circulation and through
interactions with the land and ocean surfaces. Such spatial
patterns are also called "regimes" or "modes". Examples are the
->North Atlantic Oscillation (NAO), the Pacific-North
American pattern (PNA), the ->El Nino-Southern Oscillation
(ENSO), and the Antarctic Oscillation (AO).
Photosynthesis
The pPocess by which plants take CO2 from the air (or
bicarbonate in water) to build carbohydrates, releasing Oz in the
process. There are several pathways of photosynthesis with
different responses to atmospheric CO2 concentrations. See:
->Carbon dioxide fertilisation.
Pool
See: ->Reservoir.
Post-glacial rebound
The vertical movement of the continents and sea floor following
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the disappearance and shrinking of -Ace sheets, e.g. since the
Last Glacial Maximum (21 ky BP). The rebound is an ^isostatic
land movement.
Ppm, ppb, ppt
See: ^ Mole finetion.
Precursors
Atmospheric compounds which themselves are not
^greenhouse gases or ^aerosols, but which have an effect on
greenhouse gas or aerosol concentrations by taking part in
physical or chemical processes regulating their production or
destruction rates.
Pre-industrial
See: -Nndustrial revolution.
Projection (generic)
A projection is a potential future evolution of a quantity or set of
quantities, often computed with the aid of a model. Projections
are distinguished from predictions in order to emphasise that
projections involve assumptions concerning, e.g., future socioeconomic and technological developments that may or may not
be realised, and are therefore subject to substantial uncertainty.
See also ^Cfimate projection; ->Climate prediction.
Proxy
A proxy climate indicator is a local record that is interpreted,
using physical and biophysical principles, to represent some
combination of climate-related variations back in time. Climate
related data derived in this way are referred to as proxy data.
Examples of proxies are: tree ring records, characteristics of
corals, and various data derived from ice cores.
Radiative forcing
Radiative forcing is the change in the net vertical irradiance
(expressed in Watts per square metre: Wm 2) at the
-)tropopause due to an internal change or a change in the
external forcing of the ^climate system, such as, for example,
a change in the concentration of -rcarbon dioxide or the output
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Radio-echosounding
The surface and bedrock, and hence the thickness, of a glacier
can be mapped by radar; signals penetrating the ice are reflected
at the lower boundary with rock (or water, for a floating glacier
tongue).
Rapid climate change
The ->non-linearity of the ^climate system may lead to rapid
climate change, sometimes called abrupt events or even
surprises. Some such abrupt events may be imaginable, such as a
dramatic reorganisation of the ^thermohaline circulation, rapid
deglaciation, or massive melting of permafrost leading to fast
changes in the --tcarbon cycle. Others may be truly unexpected,
as a consequence of a strong, rapidly changing, forcing of a nonlinear system.
Reforestation
Planting of forests on lands that have previously contained forests
but that have been converted to some other use. For a discussion
of the term -tforest and related terms such as -rafforestation,
reforestation, and ^deforestation: see the IPCC Report on Land
Use, Land-Use Change and Forestry (IPCC, 2000).
Regimes
Preferred ^patterns of climate variability.
Relative Sea Level
Sea level measured by a-xide gauge with respect to the land
upon which it is situated. Mean Sea Level (MSL) is normally
defined as the average Relative Sea Level over a period, such as
a month or a year, long enough to average out transients such as
waves.
(Relative) Sea Level Secular Change
Long term changes in relative sea level caused by either
-oeustatic changes, e.g. brought about by -rthermal expansion,
or changes in vertical land movements.
Reservoir
A component of the ^climate system, other than the atmosphere,

of the Sun. Usually radiative forcing is computed after allowing

which has the capacity to store, accumulate or release a substance

for stratospheric temperatures to readjust to radiative equilibrium, but with all tropospheric properties held fixed at their

of concern, e.g. carbon, a^greenhouse gas or a^precursor.

unperturbed values. Radiative forcing is called instantaneous if
no change in stratospheric temperature is accounted for.
Practical problems with this definition, in particular with
respect to radiative forcing associated with changes, by

Oceans, soils, and ^forests are examples of reservoirs of carbon.
Pool is an equivalent tenn (note that the definition of pool often
includes the atmosphere). The absolute quantity of substance of
concerns, held within a reservoir at a specified time, is called the
stock.

aerosols, of the precipitation formation by clouds, are discussed

Radiative forcing scenario

Respiration
The process whereby living organisms convert organic matter to
CO,, releasing energy and consuming O,.

A plausible representation of the future development of
->mdiative forcing associated, for example, with changes in
atmospheric composition or land-use change, or with external
factors such as variations in ^solar activity. Radiative forcing
scenarios can be used as input into simplified ^climate models
to compute -->climate projections.

Response time
The response time or adjustment time is the time needed for the
^climate system or its components to re-equilibrate to a new
state, following a forcing resulting from external and internal
processes or -->feedbacks. It is very different for various

in Chapter 6 of this Report.
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components of the climate system. The response time of the
^Iroposphere is relatively short, from days to weeks, whereas
the -astratosphere comes into equilibrium on a time-scale of
typically a few months. Due to their large heat capacity, the
oceans have a much longer response time, typically decades, but
up to centuries or millennia. The response time of the strongly
coupled surface-troposphere system is, therefore, slow compared
to that of the stratosphere, and mainly determined by the oceans.
The -4biosphere may respond fast, e.g. to droughts, but also very
slowly to imposed changes.
See: -sLifetime, for a different definition of response time
pertinent to the rate of processes affecting the concentration of
trace gases.
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(spectrum) determined by the temperature of the Sun. See also:
^Infrared radiation.
Soot particles
Particles formed during the quenching of gases at the outer edge
of flames of organic vapours, consisting predominantly of
carbon, with lesser amounts of oxygen and hydrogen present as
carboxyl and phenolic groups and exhibiting an imperfect
graphitic structure. See: -4Black carbon; Charcoal. (Source:
Charlson and Heintzenberg, 1995, p. 406.)

Scenario (generic)

Source
Any process, activity or mechanism which releases a greenhouse
gas, an aerosol or a precursor of a greenhouse gas or aerosol into
the atmosphere.

A plausible and often simplified description of how the future
may develop, based on a coherent and internally consistent set of
assumptions about driving forces and key relationships.
Scenarios may be derived from ^projections, but are often based
on additional information from other sources, sometimes
combined with a "narrative storyline". See also: -^SRES
scenarios; ->Climate scenario; ^Emission scenarios.

Spatial and temporal scales
Climate may vary on a large range of spatial and temporal scales.
Spatial scales may range from local (less than 100,000 km2),
through regional (100,000 to 10 million km2) to continental (10
to 100 million km2). Temporal scales may range from seasonal to
geological (up to hundreds of millions of years).

Sea level rise
See: ->Relative Sea Level Secular Change; -4Thermal expansion.
Sequestration
See: ->Uptake.
SigniRcant wave height
The average height of the highest one-third of all sea waves
occurring in a particular time period. This serves as an indicator
of the characteristic size of the highest waves.
Sink
Any process, activity or mechanism which removes a
^greenhouse gas, an ^aerosol or a precursor of a greenhouse
gas or aerosol from the atmosphere.
Soil moisture
Water stored in or at the land surface and available for
evaporation.
Solar activity
The Sun exhibits periods of high activity observed in numbers of
-->sunspots, as well as radiative output, magnetic activity, and
emission of high energy particles. These variations take place on
a range of time-scales from millions of years to minutes. See:
-aSolar cycle.

Solar ("11 year") cycle
A quasi-regular modulation of ->solar activity with varying
amplitude and a period of between 9 and 13 years.
Solar radiation
Radiation emitted by the Sun. It is also referred to as short-wave
radiation. Solar radiation has a distinctive range of wavelengths

SIZES scenarios
SRES scenarios are ^emission scenarios developed by
NakiEenovif et al. (2000) and used, among others, as a basis for
the climate projections in Chapter 9 of this Report. The following
terms are relevant for a better understanding of the structure and
use of the set of SRES scenarios:
(Scenario) Family
Scenarios that have a similar demographic, societal, economic
and technical-change storyline. Four scenario families comprise
the SRES scenario set: Al, A2, B I and B2.

(Scenario) Group
Scenarios within a family that reflect a consistent variation of the
storyline. The Al scenario family includes four groups
designated as AIT, AIC, AIG and A 1 B that explore alternative
structures of future energy systems. In the Summary for
Policymakers of NakicenoviE et al. (2000), the AIC and AIG
groups have been combined into one 'Fossil Intensive' AIFI
scenario group. The other three scenario families consist of one
group each. The SRES scenario set reflected in the Summary for
Policymakers of NakiEenovid et al. (2000) thus consist of six
distinct scenario groups, all of which are equally sound and
together capture the range of uncertainties associated with
driving forces and emissions.
Illustrative Scenario
A scenario that is illustrative for each of the six scenario groups
reflected in the Summary for Policymakers of Nakitenovic et a/.
(2000). They include four revised 'scenario markers' for the
scenario groups AIB, A2, B1, B2, and two additional scenarios
for the AIF7 and AIT groups. All scenario groups are equally
sound.
(Scenario) Marker
A scenario that was originally posted in draft form on the SIZES
website to represent a given scenario family. The choice of
markers was based on which of the initial quantifications best
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reflected the storyline, and the features of specific models.
Markers are no more likely than other scenarios, but are considered by the SRES writing team as illustrative of a particular
storyline. They are included in revised form in Nakidenovi6 et al.
(2000). These scenarios have received the closest scrutiny of the
entire writing team and via the SRES open process. Scenarios
have also been selected to illustrate the other two scenario groups
(see also 'Scenario Group' and 'Illustrative Scenario').
(Scenario) Storyline
A narrative description of a scenario (or family of scenarios)
highlighting the main scenario characteristics, relationships
between key driving forces and the dynamics of their evolution.

year 70 in a 1% per year compound CO, increase experiment
with a global coupled -xhmate model.
Tropopause
The boundary between the ^troposphere and the ^stratosphere.
Troposphere
The lowest part of the atmosphere from the surface to about 10
km in altitude in mid-latitudes (ranging from 9 km in high
latitudes to 16 km in the tropics on average) where clouds and
"weather" phenomena occur. In the troposphere temperatures
generally decrease with height.

Stock
See: ->Reservoir.

Tltrnover time
See: ^Lifetime.

Storm surge

Uncertainty
An expression of the degree to which a value (e.g. the future state
of the climate system) is unknown. Uncertainty can result from
lack of information or from disagreement about what is known or
even knowable. It may have many types of sources, from
quantifiable errors in the data to ambiguously defined concepts or
terminology, or uncertain projections of human behaviour.
Uncertainty can therefore be represented by quantitative
measures (e.g. a range of values calculated by various models) or
by qualitative statements (e.g., reflecting the judgement of a team
of experts). See Moss and Schneider (2000).

The temporary increase, at a particular locality, in the height of
the sea due to extreme meteorological conditions (low
atmospheric pressure and/or strong winds). The storm surge is
defined as being the excess above the level expected from the
tidal variation alone at that time and place.
Stratosphere
The highly stratified region of the atmosphere above the
^troposphere extending from about 10 km (ranging from 9 km
in high latitudes to 16 km in the tropics on average) to about 50
km.
Sunspots
Small dark areas on the Sun. The number of sunspots is higher
during periods of high --rsolar activity, and varies in particular
with the -->solar cycle.

United Nations Framework Convention on Climate Change
(UNFCC)
The Convention was adopted on 9 May 1992 in New York and
signed at the 1992 Earth Summit in Rio de Janeiro by more than
150 countries and the European Community. Its ultimate
objective is the "stabilisation of greenhouse gas concentrations in
the atmosphere at a level that would prevent dangerous

Themal expansion
In connection with sea level, this refers to the increase in volume

anthropogenic interference with the climate system" It contains

(and decrease in density) that results from warming water.

commitments for all Parties.

A

warming of the ocean leads to an expansion of the ocean volume
and hence an increase in sea level.

Thermohaline circulation
Large-scale density-driven circulation in the ocean, caused by
differences in temperature and salinity. In the North Atlantic the
thermohaline circulation consists of warm surface water flowing
northward and cold deep water flowing southward, resulting in a
net poleward transport of heat. The surface water sinks in highly
restricted sinking regions located in high latitudes.
Tide gauge
A device at a coastal location (and some deep sea locations)
which continuously measures the level of the sea with respect to
the adjacent land. Time-averaging of the sea level so recorded
gives the observed ^Reiative Sea Level Secular Changes.
Transient climate response
The globally averaged surface air temperature increase, averaged
over a 20 year period, centred at the time of CO2 doubling, i.e., at

Under the Convention, Parties

included in Annex I aim to return greenhouse gas emissions not
controlled by the Montreal Protocol to 1990
.levels by the year
2000. The convention entered into force in March 1994. See:
->Kyoto Protocol.

Uptake
The addition of a substance of concern to a->reservoir. The
uptake of carbon containing substances, in particular carbon
dioxide, is often called (carbon) sequestration.
Volume mixing ratio
See: -aMole fraction.

Sources:
CharLson, R. J., and J. Heintzenberg (Eds.): Aerosol Forcing of
Climare, pp. 91-108, copyright 1995 ©Jnhn Wiley and Sons
Limited. Reproduced with permission.
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Introduction

Appendix D gives, in tabulated form, the values for emissions,
abundances and burdens, and, radiative forcing of major
greenhouse gases and aerosols based on the SRESt scenarios
(Nakicenovic et. at., 2000). The Appendix also presents global
projections of changes in surface air temperature and sea level
using these SRES emission scenarios.
The emission values are only anthropogenic emissions and
are the ones published in Appendix VH of the SRES Report.
Apart from the CO, emissions, for which deforestation and land

Chapter 6, Table 6.2. The radiative forcings associated with
future tropospheric 03 increase are calculated on the basis of the
03 changes presented in Chapter 4 for the various SRES
scenarios. The mean forcing per DU estimated from the various

I IPCC Special Report on Emission Scenarios (Nakiccnovif et. at,
2000), herafter SRES.

models, and given in Chapter 6, Table 6.3 (i.e., 0.042 Wm z/DU),
is used to derive these future forcings. For each aerosol species,
the ratio of the column burdens for the particular scenario to that
of the year 2000 is multiplied by the "best estimate" of the
present day radiative forcing (see Chapter 6 for more details).
The radiative forcings for all the species have been calculated
since pre-industrial time.
The global mean surface air temperature and sea level
projections, based on the SRES scenarios, have been calculated
using Simple Climate models which have been "tuned" to get
similar responses to the AOGCMs in the global mean (.cee
Chapters 9 and 11 for details).
The results presented are global mean values, every ten years
from 2000 to 2100, for a range of scenarios. These scenarios are
the final approved Illustrative Marker Scenarios (AIB, AIT,
A1FI, A2, Bl, and B2); the preliminary marker scenarios (Alp,
A2p, 111p, 112p, approved by the IPCC Bureau in June 1998) and,
for comparison and for some species, results based on a previous
scenario used by IPCC (IS92a) have also been added. For some
gases, the values tabulated in the IPCC Second Assessment
Report (1PCC, 1996; hereafter SAR), for that IS92a scenario
using the previous generation of chemistry and climate models,
are also given.

Main Chemical Symbols used in this Appendix:
carbon dioxide
CO,
CHa
methane
CFC
chlorofluorocarbon
CO
carbon monoxide
HFC hydrofluorocarbon
NzO
nitrous oxide
NO,
the sum of NO (nitric oxide) and NO, (nitrogen dioxide)

ozone
O_1
OH
hydroxyl
PFC
perfluorocarbon
sulphur dioxide
SO2
SO,'-- sulphate ion
SF6
sulphur hexafluoride
VOC volatile organic compound

use values are given in the SRES Report, the SRES scenarios for
the rest of the gases define only the changes in direct
anthropogenic emissions and do not specify the current
magnitude of the natural emissions nor the concurrent changes in
natural emissions due either to direct human activities such as
land-use change or to the indirect impacts of climate change.
Emissions for black carbon (BC) aerosols and organic matter
carbonaceous (OC) aerosols species not covered in the SRES
Report, are calculated by scaling to the SRES anthropogenic CO
emissions.
The abundances and burdens for each of the species are
calculated with the latest climate chemistry and climate carbon
models (see Chapters 3, 4 and 5 for details).
The radiative forcings due to well-mixed greenhouse gases
are computed using each of the simplified expressions given in
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II.1: Anthropogenic Emissions
11.1.1: CO2 emissions (PgC/yr)
CO2 emissions from fossil fuel and industrial processes (PgC/yr)
Year
AM
AIT
BI
B2
AIR
A2
2000
6.90
6.90
6.90
6.90
6.90
6.90
2010
9.68
8.33
8.50
8.65
8.46
7.99
2020
12.12
10.00
11.01
11.19
10.00
9.02
14.01
2030
14.61
12.26
11.20
13.53
10.15
2040
14.95
12.60
18.66
12.20
10.93
15.01
2050
16.01
12.29
11.70
23.10
16.49
11.23
2060
15.70
11.41
11.74
25.14
18.49
10.20
2070
15.43
9.91
27.12
20.49
8.60
11.87
2080
14.83
12.46
8.05
22.97
7.30
29.04
2090
13.94
29.64
25.94
6.27
6.10
13.20
2100
13.10
4.31
30.32
28.91
5.20
13.82

Alp
6.8
9.7
12.2
14.2
15.2
16.2
15.9
15.6
15.0
14.1
13.2

A2p
6.8
8.4
10.9
13.3
14.7
16.4
18.2
20.2
22.7
25.6
28.8

Blp
6.8
7.7
8.3
8.4
9.1
9.8
10.4
10.1
8.7
7.5
6.5

B2p
6.8
7.9
8.9
10.0
10.8
11.1
11.6
11.8
12.4
13.1
13.7

IS92a
7.1
8.68
10.26
11.62
12.66
13.7
14.68
15.66
17.0
18.7
20.4

CO2 emissions from deforestation and land use
Year
AIT
AIB
A2
AIR
2000
1.07
1.07
1.07
1.07
1.12
2010
1.20
1.04
1.08
2020
0.52
0.26
1.55
1.25
2030
0.47
0.12
1.57
1.19
2040
0.40
1.31
1.06
0.05
0.37
-0.02
0.80
0.93
2050
0.55
0.67
2060
0.30
-0.03
2070
0.30
-0.03
0.16
0.40
2080
0.35
-0.03
-0.36
0.25
-1.22
2090
0.36
-0.01
0.21
2100
0.00
0.18
0.39
-2.08

(PgC/yr)
B1
1.07
0.78
0.63
-0.09
-0.48
-0.41
-0.46
-0.42
-0.60
-0.78
-0.97

82
1.07
0.80
0.03
-0.25
-0.24
-0.23
-0-24
-0.25
-0.31
-0.41
-0.50

Alp
1.6
1.5
1.6
0.7
0.3
-0.2
-0.3
-0.3
-0.4
-0.5
-0.6

A2p
1.6
1.6
1.7
1.5
1.3
1.2
0.7
0.4
0.3
0.2
0.2

BIp
1.6
0.8
1.3
0.7
0.6
0.5
0.7
0.8
1.0
1.2
1.4

B2p
1.6
1.8
1.6
0.3
0.0
-0.3
-0.2
-0.2
-0.2
-0.2
-0.2

1S92a
1.3
1.22
1.14
1.04
0.92
0.8
0.54
0.28
0.12
0.06
-0.1

A2
7.97
9.58
12.25
14.72
16.07
17.43
19.16
20.89
23.22
26.15
29.09

B1
7.97
9.28
10.63
11.11
11.72
11.29
9.74
8.18
6.70
5.32
4.23

82
7.97
8.78
9.05
9.90
10.69
11.01
11.49
11.62
12.15
12.79
13.32

Alp
8.4
11.2
13.8
14.9
15.5
16.0
15.6
15.3
14.6
13.6
12.6

A2p
8.4
10.0
12.6
14.8
16.0
17.6
18.9
20.6
23.0
25.8
29.0

BIp
8.4
8.5
9.6
9.1
9.7
10.3
11.1
10.9
9.7
8.7
7.9

B2p
8.4
9.7
10.5
10.3
10.8
10.8
11.4
11.6
12.2
12.9
13.5

IS92a
8.4
9.9
11.4
12.66
13.58
14.5
15.22
15.94
17.12
18.76
20.3

A2
323
370
424
486
542
598
654
711
770
829
889

B1
323
349
377
385
381
359
342
324
293
266
236

B2
323
349
384
426
466
504
522
544
566
579
597

Alp
347
417
484
547
531
514
464
413
370
336
301

A2p
347
394
448
506
560
621
674
732
790
848
913

Blp
347
367
396
403
423
444
445
446
447
413
379

B2p
347
389
448
501
528
538
544
542
529
508
508

1S92a
390
433
477
529
580
630
654
678
704
733
762

CO2 emissions - total (PgCtyr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
7.97
10.88
12.64
14.48
15.35
16.38
16.00
15.73
15.18
14.30
13.49

AIT
7.97
9.38
10.26
12.38
12.65
12.26
1138
9.87
8.02
6.26
4.32

AIR
7.97
9.73
12.73
16.19
19.97
23.90
25.69
27.28
28.68
28.42
28.24

11.1.2: CH4 emissions (Tg(M)/yr)
Year
2000
2010
2020
2030
2040
2050
7060
2070
2080
2090
2100

AIB
323
373
421
466
458
452
410
373
341
314
289

AIT
323
362
415
483
495
500
459
404
359
317
274

AIR
323
359
416
489
567
630
655
677
695
715
735

802
11.13: N20 emissions (TgN/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
7.0
7.0
7.2
7.3
7.4
7.4
7.3
7.2
7.1
7.1
7.0

AIT
7.0
6.1
6.1
6.2
6.2
6.1
6.0
5.7
5.6
5.5
5.4

AIR
7.0
8.0
9.3
10.9
12.8
14.5
15.0
15.4
15.7
16.1
16.6

A2
7.0
8.1
9.6
10.7
11.3
12.0
12.9
13.9
14.8
15.7
16.5

B1
7.0
7.5
8.1
8.2
8.3
8.3
7.7
7.4
7.0
6.4
5.7

B2
7.0
6.2
6.1
6.1
6.2
6.3
6.4
6.6
6.7
6.8
6.9

Alp
6.9
7.3
7.7
7.5
7.1
6.8
6.3
5.9
5.5
5.2
4.9

A2p
6.9
7.9
9.4
10.5
11.1
11.8
12.7
13.7
14.6
15.5
16.4

Blp
B2p
6.9
6.9
7.4
7.1
8.I7.1
8.3
6.7
8.6
6.4
8.9
6.0
8.8
5.8
8.7
5.5
8.6
5.4
8.3
5.2
8.0
5.1

l1.lA: PFCs, SF6 and I1FCs emissions (Gg/yr)
CF4 emissions (Gg/yr)
AIT
12.6
15.3
21.1
30.1
38.2
43.8
48.1
52.1
56.1
58.9
57.0

AIR
12.6
15.3
21.1
30.1
38.2
43.8
48.1
52.1
56.1
58.9
57.0

A2
12.6
20.3
25.2
31.4
37.9
45.6
56.0
63.6
73.2
82.8
88.2

Bl
12.6
14.5
15.7
16.6
18.5
20.9
23.1
22.5
21.3
22.5
22.2

B2
12.6
21.0
27.1
34.6
43.6
52.7
59.2
63.1
64.2
62.9
59.9

Alp
26.7
28.4
41.0
59.4
71.7
77.3
76.7
64.2
40.6
46.8
53.0

A2p
26.7
28.9
35.2
43.0
50.9
60.0
72.6
84.7
97.9
110.9
117.9

Dip
26.7
27.0
29.6
31.4
331
355
36.1
29.6
19.7
20.8
20.5

B2p
26.7
29.9
37.7
47.4
58.9
70.5
78.5
85.1
86.6
84.7
80.6

CiF, emissions (Gp/yr)
Year
AIB
AIT
2000
1.3
1.3
1.5
2010
15
2.1
2020
2.1
2030
3.0
3.0
2040
3.8
3.8
2050
4.4
4.4
4.8
4.8
2060
2070
5.2
5.2
2080
5.6
5.6
2090
5.9
5.9
2100
5.7
5.7

AIR
1.3
1.5
2.1
3.0
3.8
4.4
4.8
5.2
5.6
5.9
5.7

A2
1.3
2.0
2.5
3.1
3.8
4.6
5.6
6.4
7.3
8.3
8.8

B1
1.3
1.5
1.6
1.7
1.8
2.1
2.3
2.2
2.1
2.2
2.2

B2
1.3
2.1
2.7
3.5
4.4
5.3
5.9
6.3
6.4
6.3
6.0

Alp
2.7
2.8
4.1
5.9
7.2
7.7
7.7
6.4
4.1
4.7
53

A2p
2.7
2.9
3.5
4.3
5.1
6.0
7.3
8.5
9.8
11.1
11.8

Blp
2.7
2.7
3.0
3.1
3.3
3.6
3.6
3.0
2.0
2.1
2.1

B2p
2.7
3.0
3.8
4.7
5.9
71
7.9
8.5
8.7
8.5
8.1

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
12.6
15.3
21.1
30.1
38.2
43.8
48.1
52.1
56.1
58.9
57.0

IS92
5.5
6.2
7.1
7.7
8.0
8.3
8.3
8.4
8.5
8.6
8.7
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SF6 emissions (Gg/yr)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
6.2
6.7
7.3
10.2
15.2
18.3
19.5
17.3
13.5
13.0
14.5

AIT
6.2
6.7
7.3
10.2
15.2
18.3
19.5
17.3
13.5
13.0
14.5

AIR
6.2
6.7
7.3
10.2
15.2
18.3
19.5
17.3
13.5
13.0
14.5

A2
6.2
7.6
9.7
11.6
13.7
16.0
18.8
19.8
20.7
23.4
25.2

BI
6.2
5.6
5.7
7.2
8.9
10.4
10.9
9.5
7.1
6.5
6.5

B2
6.2
7.4
8.4
9.2
11.7
12.1
12.2
11.4
9.6
10.0
I0.6

Alp
6.2
7.2
7.9
10.7
15.8
18.8
20.0
17.8
12.0
13.5
15.0

A2p
6.2
8.0
10.2
12.0
14.0
16.8
18.7
19.7
20.6
23.3
25.1

Blp
6.2
6.4
6.5
8.0
9.7
11.2
11.6
10.2
6.8
7.2
7.2

B2p
6.2
7.7
9.9
12.5
15.8
18.6
20.4
22.0
22.8
23.9
24.4

HFC-23 emissions (Gg/yr)
Year
AIB
AIT
2000
13
13
2010
15
15
5
2020
5
2
2030
2
2040
2
2
1
1
2050
1
2060
1
2070
1
I
1
2080
1
2090
1
1
1
2100
1

A1F1
13
15
5
2
2
I
I
1
1
1
1

A2
13
15
5
2
2
1
1
1
1
1
I

BI
13
15
5
2
2
I
I
I
1
1
1

B2
13
15
5
2
2
1
1
I
I
1
1

Alp
13
15
5
2
2
0
0
0
0
0
0

A2p
13
15
5
2
2
0
0
0
0
0
0

Blp
13
15
5
2
2
0
0
0
0
0
0

B2p
13
IS
5
2
2
0
0
0
0
0
0

HFC-32 emissions (Gglyr)
Year
AIT
AIB
2000
0
0
2010
4
4
2020
8
8
14
2030
14
2040
19
19
24
2050
24
2060
28
28
2070
29
29
2080
30
30
2090
30
30
2100
30
30

AIR
0
4
8
14
19
24
28
29
30
30
30

A2
0
4
6
9
II
14
17
20
24
29
33

BI
0
3
6
8
10
14
14
14
14
14
I3

B2
0
3
6
9
11
I4
17
20
22
24
26

Alp
2
3
8
14
19
24
26
27
28
28
28

A2p
2
3
6
9
10
13
16
19
23
28
33

Rip
2
3
6
8
10
14
14
14
14
13
13

B2P
2
3
7
I0
12
16
19
21
23
24
25

A2
0
11
2I
29
35
46
56
66
79
94
106

BI
0
11
21
29
36
48
48
48
48
46
44

B2
0
II
22
30
38
49
58
67
76
83
89

Alp
7
II
26
44
62
78
84
88
91
92
93

A2p
7
10
19
27
33
43
53
62
74
89
104

Rip
7
10
20
28
35
47
48
47
46
45
43

B2p
7
10
22
32
40
52
62
70
75
79
83

HFC-125 emissions (Gglyr)
AIB
AIT
Year
AIR

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
12
27
45
62
80
94
98
100
101
101

0
12
27
45
62
80
94
98
100
101
101

0
12
27
45
62
80
94
98
100
101
101

IS92a
0
1
9
46
111
175
185
194
199
199
199
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RFC-134a emissions (Gg/yr)
Year
AIB
A1T
AIR
80
2000
80
80
176
2010
176
176
326
326
2020
326
2030
515
515
515
725
2040
725
725
931
931
931
2050
1076
2060
1076
1076
1078
2070
1078
1078
1061
2080
1061
1061
1029
1029
1029
2090
980
2100
980
980

A2
80
166
252
330
405
506
633
758
915
1107
1260

BI
80
163
249
326
414
547
550
544
533
513
486

B2
80
166
262
352
443
561
679
799
910
1002
1079

Alp
147
220
427
693
997
1215
1264
1272
1247
1204
1142

A2p
147
204
315
412
508
635
800
962
1169
1422
1671

Blp
147
206
319
422
545
734
732
718
698
667
627

B2p
147
216
359
496
638
816
991
1133
1202
1261
1317

A2
0
9
16
22
27
35
43
51
61
73
82

BI
0
8
15
21
26
35
35
35
35
34
32

B2
0
8
16
22
27
35
42
49
55
60
65

Alp
6
8
20
34
48
60
64
67
69
70
70

A2p
6
8
15
21
26
33
41
48
58
70
81

Bip
6
8
15
21
26
35
35
35
35
33
32

B2p
6
8
17
24
30
39
47
53
57
60
63

A2

BI

B2

Alp

A2p

Blp

B2p

IS92a

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
o
o
0
0
0
0
0
0

0
0
o
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

18
114
281
448
495
542
567
568
570

A2
0
12
17
21
26
32
40
48
58
70
80

B1
0
13
18
24
30
39
40
39
38
36
34

B2
0
14
20
26
33
41
50
59
67
74
80

Alp
8
12
21
33
48
57
60
60
59
56
53

A2p
8
11
16
19
24
29
37
44
53
64
76

Blp
8
II
17
22
28
38
37
37
36
34
32

B2p
8
12
18
25
32
41
49
57
60
63
66

IS92a
148
290
396
557
738
918
969
1020
1047
1051
1055

HFC-143a emissions (Gg/yr)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
0
9
21
34
47
61
70
74
75
76
76

A1T
0
9
21
34
47
61
70
74
75
76
76

AIR
0
9
21
34
47
61
70
74
75
76
76

HFC-152a emissions (Gg/yr)
Year
AIT
AIR
AIB
0
0
0
2000
0
0
2010
0
2020
0
0
0
0
2030
0
0
0
0
0
2040
2050
0
0
0
2060
0
0
0
0
0
2070
0
2080
0
0
0
2090
0
0
0
0
0
2100
0
NFC-227m emissions (GpJyr)

Year

AIB

AIT

AIR

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
13
22
34
48
62
72
71
68
65
61

0
13
22
34
48
62
72
71
68
65
61

0
13
22
34
48
62
72
71
68
65
61
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HFC-245ca emissions (Gg/yr)
Year
AIB
A1T
AIR
2000
0
0
0
2010
62
62
62
2020
100
100
100
2030
158
158
158
2040
222
222
222
2050
292
292
292
2060
350
350
350
2070
343
343
343
2080
330
330
330
2090
312
312
312
2100
288
288
288

A2
0
59
79
98
121
149
190
228
276
334
388

BI
0
60
80
102
131
173
173
170
166
159
150

B2
0
61
85
112
144
178
216
255
290
323
353

Alp
38
56
98
159
229
281
298
299
287
271
251

A2p
38
52
73
92
113
140
179
216
262
319
376

Blp
38
53
75
97
128
173
172
168
163
155
145

B2p
38
55
84
114
149
188
229
266
280
291
302

HFC43-10mee emissions ( Gg/yr)
Year
AIB
AIT
AIFI
2000
0
0
0
7
2010
7
7
2020
9
9
9
2030
12
12
12
2040
IS
15
15
2050
IS
18
18
2060
22
22
22
2070
24
24
24
2080
27
27
27
2090
29
29
29
2100
30
30
30

A2
0
7
8
8
9
11
12
14
16
19
22

B1
0
6
7
8
9
11
II
11
Il
11
10

B2
0
6
7
8
10
11
12
14
15
17
18

Alp
5
6
8
10
13
15
17
20
22
24
26

A2p
5
6
7
7
8
9
11
12
14
17
19

BIP
5
6
7
7
9
l0
10
to
10
10
10

B2p
5
6
7
8
9
11
12
13
14
15
15

Note: Table 11.1.4 contains supplementary data to the SRES Report (NakiEcnovic et. al., 2000): The data contained in the SIZES Report was
insufficient to break down the individual contributions to HFCs, PFCs and SF^ these emissions were supplied by Lead Authors of the SRES
Report and are also available at the CIESIN (Center for International Earth Science Information Network) Website (http://sres.ciesin.org).
The sample sccnario IS92a is only included for lff'C-125. HFC-134a, and HFC-152a.
All PFCs, SF6 and HFCs emissions are the same for family A I(AIB, AIT and AIFI).

11.13: NO, emissions (T8N/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
32.0
39.3
46.1
50.2
48.9
47.9
46.0
44.2
42.7
41.4
40.2

AIT
32.0
38.8
46.4
55.9
59.7
61.0
59.6
51.7
42.8
34.8
28.1

AIFf
32.0
39.7
50.4
62.8
77.1
94.9
102.1
108.5
115.4
111.5
109.6

Note: NO, is the sum of NO and NO2

A2
32.0
39.2
50.3
60.7
65.9
71.1
75.5
79.8
87.5
98.3
109.2

BI
32.0
36.1
39.9
42.0
42.6
38.8
34.3
29.6
25.7
22.2
18.7

B2
32.0
36.7
42.7
48.9
53.4
545
56.1
56.3
59.2
60.9
61.2

Alp
32.5
41.0
48.9
52.5
50.9
49.3
47.2
45.1
43.3
41.8
40.3

A2p
32.5
39.6
50.7
60.8
65.8
71.5
75.6
80.1
87.3
97.9
109.7

BIpB2o IS92a
32.5
32.5
37.0
34.8
37.6
43.4
39.3
43.4
49.8
40.7
48.4
55.2
44.8
52-8
59.6
48.9
53.7
64.0
48.9
55.4
67.8
48.9
55.6
71.6
48.9
58.5
75.4
41.2
60.1
79.2
33.6
60.4
83.0
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6.1.6: CO emissions (Tg(CO)/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
877
1002
1032
1109
1160
1214
1245
1276
1357
1499
1663

AIT
877
1003
1147
1362
1555
1770
1944
2078
2164
2156
2077

AIF1
877
1020
1204
1436
1726
2159
2270
2483
2776
2685
2570

A2
877
977
1075
1259
1344
1428
1545
1662
1842
. 2084
2326

B1
877
789
751
603
531
471
459
456
426
399
363

B2
877
935
1022
lill
1220
1319
1423
1570
1742
1886
2002

Alp
1036
1273
1531
1641
1815
1990
2174
2359
2455
2463
2471

A2p
1036
1136
1234
1413
1494
1586
1696
1816
1985
2218
2484

Rip
1036
849
985
864
903
942
984
1026
1068
1009
950

B2p
1036
1138
1211
1175
1268
1351
1466
1625
1803
1948
2067

IS92a
1048
1096
1145
1207
1282
1358
1431
1504
1576
1649
1722

A2
141
155
179
202
214
225
238
251
275
309
342

BI
141
141
140
131
123
116
111
103
99
96
87

B2
141
159
180
199
214
217
214
202
192
178
170

Alp
151
178
207
229
255
285
324
301
263
223
174

A2p
151
164
188
210
221
235
246
260
282
315
352

Rip
151
143
151
144
147
150
155
160
165
159
154

B2p
151
172
192
202
215
217
214
202
192
178
170

IS92a
126
142
158
173
188
202
218
234
251
267
283

11.1.7: Total VOC emissions (Tg/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
141
178
222
266
272
279
284
289
269
228
193

A1T
141
164
190
212
229
241
242
229
199
167
128

AIR
141
166
192
214
256
322
361
405
449
435
420

Note: Volatile Organic Compounds (VOC) include non-methane hydrocarbons (NMHC) and oxygenated NMHC (e.g., alcohols, aldehydes and
organic acids).

11.1.8: SO2 emissions (TgS/yr)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
69.0
87.1
100.2
91.0
68.9
64.1
46.9
35.7
30.7
29.1
27.6

AIT
69.0
64.7
59.9
59.6
45.9
40.2
34.4
30.1
25.2
23.3
20.2

AIR
69.0
80.8
86.9
96.1
94.0
80.5
56.3
42.6
39.4
39.8
40.1

A2
69.0
74.7
99.5
112.5
109.0
105.4
89.6
73.7
64.7
62.5
60.3

BI
69.0
73.9
74.6
78.2
78.5
68.9
55.8
44.3
36.1
29.8
24.9

B2
69.0
65.9
61.3
60.3
59.0
55.7
53.8
50.9
50.0
49.0
47.9

Alp
69.0
87.4
100.8
91.4
77.9
64.3
51.2
44.9
30.7
29.1
27.4

A2p
69.0
74.7
99.5
111.9
108.1
105.4
86.3
71.7
64.2
61.9
60.3

Blp
69.0
59.8
56.2
53.5
53.3
51.4
51.2
49.2
42.2
33.9
28.6

B2p
69.0
68.2
65.0
59.9
58.8
57.2
53.7
51.9
49.1
48.0
47.3

Note: The SRES emissions for SO2 are used with a linear offset in all scenarios to 69.0 TgS/yr in year 2000.

IS92a
79.0
95.0
111.0
125.8
139.4
153.0
151.8
150.6
149.4
148.2
147.0
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111.1.9: BC aerosol emissions (Tg/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
12.4
13.9
14.3
15.2
15.8
16.4
16.8
17.2
18.1
19.8
21.8

AIT
12.4
13.9
15.6
18.2
20.5
23.1
25.2
26.8
27.8
27.7
26.8

AIR
12.4
14.1
16.3
19.1
22.6
27.7
29.1
31.6
35.1
34.0
32.7

A2
12.4
13.6
14.8
17.0
18.0
19.0
20.4
21.8
24.0
26.8
29.7

B1
12.4
11.3
10.9
9.1
8.3
7.5
7.4
7.4
7.0
6.7
6.2

B2
12.4
13.1
14.1
15.2
16.5
17.7
18.9
20.7
22.8
24.5
25.9

Alp
12.4
15.2
18.3
19.6
21.7
23.8
26.0
28.2
29.4
29.5
29.6

A2p
12.4
13.6
14.8
16.9
17.9
19.0
20.3
21.7
23.8
26.5
29.7

BIp
12.4
10.2
11.8
10.3
10.8
11.3
11.8
12.3
12.8
12.1
11.4

B2p
12.4
13.6
14.5
14.1
15.2
16.2
17.5
194
21.6
23.3
24.7

IS92a
12.4
13.0
13.6
14.3
15.2
16.1
17.0
17.9
18.7
19.6
20.5

B2p
81.4
89.4
95.2
92.3
99.6
106.2
115.2
127.7
141.7
153.1
162.4

IS92a
81.4
85.2
89.0
93.9
99.8
105.8
111.5
117.2
122.9
128.6
134.4

Note: Emissions for BC are scaled to SRES anthropogcnic CO emissions offset to year 2000.

U.1.10: OC aerosol emissions (Tg/yr)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
81.4
91.2
93.6
99.6
103.6
107.9
110.3
112.8
119.1
130.3
143.2

A1T
81.4
91.3
102.6
119.5
134.7
151.6
165.2
175.8
182.5
181.9
175.7

AIR
81.4
92.6
107.1
125.3
148.1
182.1
190.9
207.6
230.6
223.5
214.4

A2
81.4
89.3
97.0
111.4
118.1
124.7
133.9
143.1
157.2
176.2
195.2

BI
81.4
74.5
71.5
59.9
54.2
49.5
48.6
48.3
46.0
43.8
41.0

82
81.4
86.0
92.8
99.8
108.3
116.1
124.3
135.9
149.4
160.7
169.8

Alp
81.4
100.0
120.3
128.9
142.6
156.4
170.8
185.4
192.9
193.5
194.2

A2p
81.4
89.3
97.0
111.0
117.4 .
124.6
133.3
142.7
156.0
174.3
195.2

Rip
81.4
66.7
77.4
67.9
71.0
74.0
77.3
80.6
83.9
79.3
74.6

Note: Emissions for OC are scaled to SRES anthropogenic CO emissions offset to year 2000.

11.2: Abundances and burdens
n1.1: CO2 abundances (ppm)
ISAM model (reference) - CO2 abundances (ppm)
A1T
A2
B1
AIR
Year
AIR
325
325
325
325
325
1970
337
337
337
337
1980
337
353
353
353
353
1990
353
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

369
391
420
454
491
532
572
611
649
685
717

369
389
412
440
471
501
528
550
567
577
582

369
389
417
455
504
567
638
716
799
885
970

369
390
417
451
490
532
580
635
698
771
856

369
388
412
437
463
488
509
525
537
545
549

B2
325
337
353

Alp
325
337
353

A2p
325
337
353

Blp
325
337
353

B2p
325
337
353

IS92a
325
337
353

IS92a
SAR
326
338
354

369
388
408
429
453
478
504
531
559
589
621

369
393
425
461
499
538
577
615
652
685
715

369
391
419
453
492
535
583
637
699
771
856

369
388
409
429
450
472
497
522
544
563
578

369
390
414
438
462
486
512
539
567
597
630

369
390
415
444
475
508
543
582
623
670
723

372
393
418
446
476
509
544
580
620
664
715
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ISAM model pow) - CO2 abundances (ppm)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
368
383
405
432
461
493
524
554
582
607
630

AIT
368
381
398
419
443
466
486
501
511
516
516

AIR
368
381
403
433
473
525
584
647
715
783
851

A2
368
382
402
429
460
493
532
576
626
686
755

ISAM model (high) - CO2 abundances (ppm)
A1T
AIFI
A2
Year
AIB
2000
369
369
369
369
397
394
394
395
2010
431
422
427
427
2020
471
2030
470
455
466
511
2040
513
491
527
527
597
561
2050
560
617
2060
609
560
678
767
681
2070
656
590
754
2080
703
613
863
838
2090
748
631
962
2100
790
642
1062
936

B1
368
380
398
416
436
455
470
480
486
490
490

B2
368
380
394
410
427
446
466
486
507
530
554

Alp
368
385
409
438
467
498
528
557
583
607
627

A2p
368
383
404
431
461
495
534
577
627
686
755

Blp
368
380
395
410
425
442
460
479
495
507
517

B2p
368
382
400
417
435
454
473
492
513
536
561

IS92a
368
382
401
423
446
472
499
529
561
598
640

BI
369
394
422
452
483
514
541
563
581
594
603

B2
369
393
417
443
472
502
534
567
602
640
680

Alp
369
398
435
477
521
568
615
661
706
749
789

A2p
369
396
429
469
514
564
620
682
755
838
936

Blp
369
393
418
444
469
496
527
558
586
611
634

B2p
369
396
424
453
482
512
543
577
612
650
691

IS92a
369
396
426
460
498
539
583
631
682
739
804

Note: A "reference" case was defined with climate sensitivity 2.5°C, ocean uptake corresponding to the mcan of the ocean model results in
Chapter 3, Figure 3.I0, and terrestrial uptake corresponding to the mean of the responses of mid-renge models, LPJ, IBIS and SDGM (Chapter 3.
Figure 3.10). A'7ow COi' parametrization was chosen with climate sensitivity 1.5°C and maximal CO2 uptake by oceans and land A "high CO_'
parametrization was defined with climate sensitivity 4.5°C and minimal CO, uptake by oceans and land. See Chapter 3. Box 3.7, and Jain et al.
(1994) for more details on the ISAM model.
The 1S92a column values are calculated using the ISAM parametrization noted above with IS92a emissions starting in the year 2000; whereas the
IS92a/SAR column refers to values as reported in the SAR using IS92a emissions starting in 1990, using the SAR parametrization of ISAM.

Bern-CC
Year
1970
1980
1990

model (reference) - CO, abundances (ppm)
BI
AIB
A1T
A1F7
A2
325
325
325
325
325
337
337
337
337
337
352
352
352
352
352

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

367
388
418
447
483
522
563
601
639
674
703

367
386
410
435
466
496
523
545
563
572
575

367
386
415
449
495
555
625
702
786
872
958

367
386
414
444
481
522
568
620
682
754
836

367
386
410
432
457
482
503
518
530
538
540

B2
325
337
352

Alp
325
337
352

A2p
325
337
352

Sip
325
337
352

B2p
325
337
352

IS92a
325
337
352

IS92a/
SAR
325
337
353

367
385
406
425
448
473
499
524
552
581
611

367
390
421
454
490
529
569
606
642
674
702

367
388
416
447
484
525
571
622
683
754
836

367
385
407
425
445
467
492
515
537
555
569

367
387
412
433
457
481
506
532
559
588
618

367
387
413
439
468
499
533
568
607
653
703

370
391
416
444
475
507
541
577
616
660
709
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Bern-CC model pow) - CO, abundances (ppm)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

A1B
367
383
407
432
460
491
522
548
575
598
617

A1T
367
381
400
419
442
464
483
496
505
508
506

AIFI
367
381
405
432
472
521
577
636
700
763
824

A2
367
381
404
428
459
492
529
569
617
671
735

B1
367
381
400
417
436
455
470
479
485
487
486

B2
367
380
396
410
427
445
464
482
502
522
544

Alp
367
384
411
437
466
496
524
550
575
596
613

Alp
367
383
406
431
461
495
531
569
616
670
734

Blp
367
380
397
410
425
440
458
475
490
501
509

B2p
367
382
402
417
434
452
470
487
507
528
550

IS92a
367
383
403
424
448
473
500
527
559
593
632

Bern-CC model (high) - CO, abundances (ppm)
AIT
Year
AIR
A2
BI
AIR
2000
367
367
367
367
367
2010
395
393
393
393
392
2020
436
427
433
431
426
2030
483
467
484
477
463
2040
538
514
552
533
503
2050
599
562
638
597
544
2060
666
610
743
670
584
732
2070
753
617
653
859
2080
797
848
689
985
645
2090
1118
860
717
957
666
2100
735
1248
918
1080
681

B2
367
392
422
454
491
531
575
620
668
718
769

Alp
367
397
441
491
548
609
675
738
802
863
918

A2p
367
395
434
482
538
602
675
757
851
959
1082

BIp
367
392
424
455
488
524
566
608
648
682
713

B2p
367
394
430
465
504
544
588
632
680
730
782

IS92a
367
395
431
471
517
568
624
684
750
822
902

Note: A "reference" case was defined with an average ocean uptake for the 1980s of 2.0 PgCJyc A"low CO2' pammeterisation was obtained by
combining a "fast ocean" (occan uptake of 2.54 PgCJyr for the 1980s) and no response of heterutrophic respiration to temperature. A "high C02"
parameterisation was obtained by combining a"sWw osan " ( uzan uptake of 1.46 PgC/yr for the 1980s) and capping CO, fertilisation. Climate
sensitivity was set to 2.5°C for a doubling of CO2. See Chapter 3, Box 3.7 for more details on the Bern-CC model.
The IS92a/SAR column refers to values as reported in the SAR using IS92a emissions; whereas the IS92a column is calculated using IS92a
emissions but with year 2000 starting values and the BERN-CC model as described in Chapter 3.
The Bern-CC model was initialised for observed atmospheric CO2 which was prescribed for the period 1765 to 1999. The CO2 data were
smoothed by a spline. Scenario calculations started at the begining of the year 2000. This explains the difference in the values given for the years
upto 2000. Values shown are for the beginning of each year. Annual-mean values are generally higher (up to 7ppm) depending on the scenario and
the year.

H.2.2: CH, abundances (ppb)
Year
1970
1980
1990

AIR
1420
1570
1700

AIT
1420
1570
1700

AIR
1420
1570
1700

A2
1420
1570
1700

BI
1420
1570
1700

B2
1420
1570
1700

Alp
1420
1570
1700

A2p
1420
1570
1700

Blp
1420
1570
1700

B2p
1420
1570
1700

IS92a
1420
1570
1700

IS92a1
SAR
1420
1570
1700

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

1760
1871
2026
2202
2337
2400
2386
2301
2191
2078
1974

1760
1856
1998
2194
2377
2503
2552
2507
2420
2310
2169

1760
1851
1986
2175
2413
2668
2875
3030
3175
3307
3413

1760
1861
1997
2163
2357
2562
2779
3011
3252
3493
3731

1760
1827
1891
1927
1919
1881
1836
1797
1741
1663
1574

1760
1839
1936
2058
2201
2363
2510
2639
2765
2872
2973

1760
1899
2126
2392
2598
2709
2736
2669
2533
2367
2187

1760
1861
1997
2159
2344
2549
2768
2998
3238
3475
3717

1760
1816
1878
1931
1963
2009
2049
2077
2100
2091
2039

1760
1862
2020
2201
2358
2473
2552
2606
2625
2597
2569

1760
1855
1979
2129
2306
2497
2663
2791
2905
3019
3136

1810
1964
2145
2343
2561
2793
3003
3175
3328
3474
3616

Note: The IS92a/SAR column refers to values as reported in the SAR using IS92a emissions; whereas the IS92a column is calculated using IS92a
emissions but with year 2000 starting values and the new feedbacks on the lifetime. See Chapter 4 for details.
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11.23: N20 abundances (ppb)
Year
1970
1980
1990

AIB
295
301
308

AIT
295
301
308

AIR
295
301
308

A2
295
301
308

BI
295
301
308

B2
295
301
308

Alp
295
301
308

A2p
295
301
308

Blp
295
301
308

B2p
295
301
308

IS92a
295
301
308

IS92a/
SAR
295
301
308

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

316
324
331
338
344
350
356
360
365
368
372

316
323
328
333
338
342
345
348
350
352
354

316
325
335
347
361
378
396
413
429
445
460

316
325
335
347
360
373
387
401
416
432
447

316
324
333
341
349
357
363
368
371
374
375

316
323
328
333
338
342
346
350
354
358
362

316
324
332
340
346
351
355
358
360
361
361

316
325
335
347
360
373
386
400
415
430
446

316
324
333
341
350
358
366
373
380
385
389

316
324
331
338
343
347
350
352
354
355
356

316
324
333
343
353
363
372
381
389
396
403

319
328
339
350
361
371
382
391
400
409
417

Note: The IS92a/SAR column refers to values as reported in the SAR using IS92a emissions; whereas the IS92a column is calculated using IS92a
emissions but with year 2000 starting values and the new feedbacks on the lifetime. See Chapter 4 for details.

172.4: PFCs, SF6 and HFCs abundances (pp!)
CF4 abundances (ppt)

Year
1990

AIR
70

AIT
70

AIR
70

A2
70

BI
70

B2
70

Alp
70

A2p
70

Blp
70

B2p
70

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

82
91
103
119
141
168
198
230
265
303
341

82
91
103
119
141
168
198
230
265
303
341

82
91
103
119
141
168
198
230
265
303
341

82
92
107
125
148
175
208
246
291
341
397

82
91
101
lll
122
135
150
164
179
193
208

82
93
108
128
153
184
221
261
302
344
384

82
100
122
154
197
245
296
342
377
405
437

82
100
121
146
176
212
255
306
365
433
508

82
100
118
138
159
181
204
226
242
256
269

82
100
122
150
184
226
274
327
383
439
493

CZFsabundances(ppt)
Year
1990

AIB
2

AIT
2

AIFI
2

A2
2

BI
2

B2
2

Alp
2

A2p
2

Blp
2

B2p
2

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

3
4
5
6
7
9
11
13
IS
17
20

3
4
5
6
7
9
11
13
15
17
20

3
4
5
6
7
9
11
13
15
17
20

3
4
5
6
7
9
11
14
17
20
23

3
4
4
5
6
7
8
8
9
10
11

3
4
5
6
8
10
12
15
17
20
22

3
4
6
8
11
14
17
20
22
24
26

3
4
6
7
9
12
14
18
21
26
30

3
4
6
7
8
10
11
12
13
14
15

3
4
6
8
10
12
16
19
22
26
30
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SF6 abundaaces (ppt)
Year
1990

AIB
3

AIT
3

AIR
3

A2
3

BI
3

B2
3

Alp
3

A2p
3

Blp
3

B2p
3

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

5
7
10
13
18
25
32
39
45
50
56

5
7
10
13
18
25
32
39
45
50
56

5
7
10
13
18
25
32
39
45
50
56

5
7
11
15
20
26
32
40
48
56
65

5
7
9
12
15
19
23
27
30
33
35

5
7
30
14
18
23
27
32
36
40
44

5
7
t0
14
19
26
33
41
46
51
57

5
7
ll
15
20
26
33
41
48
57
66

5
7
10
12
16
20
24
29
32
35
37

5
7
11
15
21
27
35
43
52
61
70

HFC-23 abandances (ppt)
Year
1990

A1B
8

AIT
8

AIR
8

A2
8

BI
8

B2
8

Alp
8

A2p
8

Blp
8

B2p
8

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

15
26
33
35
35
35
35
35
34
34
34

15
26
33
35
35
35
35
35
34
34
34

IS
26
33
35
35
35
35
34
34
34
34

15
26
33
35
35
35
35
34
34
34
33

15
26
33
35
35
35
34
34
33
33
32

15
26
33
35
35
35
35
34
34
34
34

15
26
33
35
36
35
34
33
32
31
30

15
26
33
35
35
35
34
32
31
30
29

IS
26
33
35
35
35
33
32
31
30
29

15
26
33
35
35
35
34
33
31
30
29

HFC-32 abundance (ppt)
Year
1990

AIB
0

AIT
0

AIFI
0

A2
0

B)
0

B2
0

Alp
0

A2p
0

Blp
0

B2p
0

2000

0

0

0

0

0

0

0

0

0

0

2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

1
3
7
to
14
17
19
19
20
19

1
3
7
10
14
17
19
21
22
22

1
3
6
10
13
16
18
19
20
20

1
3
4
6
7
9
11
14
17
20

I
3
4
5
7
8
8
8
8
8

1
3
4
6
8
10
12
14
15
17

I
3
7
11
15
18
20
21
21
20

I
3
4
5
7
9
11
13
16
20

1
3
4
5
7
8
8
8
8
8

1
3
5
7
9
it
13
14
15
16

812

FFC-125 abundance (ppt)
Year
A1B
A1T
AIR
0
0
1990
0

A2
0

BI
0

82
0

Alp
0

A2p
0

Blp
0

B2p
0

is 23
0

0
2
8
16
24
34
45
58
72
89
107

0
2
8
16
24
33
43
49
54
57
58

0
2
8
16
26
36
48
61
75
88
102

0
4
10
22
38
57
78
96
111
123
132

0
3
8
15
23
32
43
54
68
83
101

0
3
8
16
24
33
42
49
54
57
58

0
3
9
17
27
38
51
65
77
89
99

0
0
2
12
40
87
137
177
210
236
255

A2
0

B1
0

B2
0

Alp
0

A2p
0

Blp
0

B2p
0

IS92a
0

12
55
111
170
231
299
382
480
594
729
877

12
55
108
165
223
293
352
380
391
390
379

12
56
113
179
250
330
424
526
633
737
835

12
80
172
319
522
754
954
1092
1167
1185
1157

12
76
141
214
290
375
480
606
753
930
1132

12
76
142
215
294
393
476
515
530
531
522

12
79
155
250
356
477
615
756
878
968
1041

12
94
183
281
401
537
657
743
807
850
878

11FC-143a abundance (ppt)
AIB
Year
AIT
AIR
1990
0
0
0

A2
0

BI
0

B2
0

Alp
0

A2p
0

BIp
0

B2p
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
3
10
20
32
45
62
81
103
129
157

0
2
9
18
29
43
57
68
77
85
90

0
2
9
19
31
45
62
81
101
121
142

0
4
12
27
48
75
104
131
156
179
197

0
4
11
20
31
44
60
78
98
123
151

0
4
11
20
31
44
58
69
79
86
92

0
4
11
22
35
51
69
89
110
129
147

HFC-152a abundance (ppt)
Year
AIB
AIT
AIR
1990
0
0
0

A2
0

BI
0

82
0

Alp
0

A2p
0

Rip
0

B2p
0

IS92a
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

0
0
2
12
33
56
67
74
79
81
82

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
2
9
21
37
57
77
97
112
124
133

0
2
9
21
37
56
78
98
115
129
140

0
2
9
21
37
55
76
95
111
124
134

HFC-134a abundance (ppt)
AIB
AIT
Year
AIR
1990
0
0
0
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

12
58
130
236
375
537
698
814
871
887
875

0
3
11
26
47
73
103
132
158
181
200

0
0
0
0
0
0
0
0
0
0
0

12
58
130
235
373
535
701
832
912
952
956

0
3
11
26
47
73
103
133
161
185
207

0
0
0
0
0
0
0
0
0
0
0

12
58
129
233
366
521
675
791
859
893
899

0
3
11
26
47
72
101
130
157
180
201

0
0
0
0
0
0
0
0
0
0
0
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HFC-227ea abundance (ppt)
AIB
Year
AIT
AIM
1990
0
0
0

A2
0

BI
0

B2
0

Alp
0

A2p
0

Blp
0

B2p
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
2
5
10
14
19
25
32
40
49
60

0
2
6
10
15
21
27
31
34
35
36

0
2
6
11
17
24
31
40
49
59
68

0
3
7
13
22
33
43
52
60
64
67

0
3
6
9
13
18
23
29
36
45
55

0
3
6
10
15
20
26
30
33
34
35

0
3
7
11
17
23
31
39
47
54
60

HFC-245ca abundance (ppt)
AIB
Year
AIT
AIR
1990
0
0
0

A2
0

BI
0

B2
0

Alp
0

A2p
0

flip
0

B2p
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
8
17
23
29
36
46
58
72
88
105

0
8
17
23
29
38
43
44
43
42
40

0
8
18
26
34
44
55
67
80
92
103

0
11
20
35
55
76
92
101
101
96
88

0
10
16
21
27
34
43
55
68
84
101

0
10
16
22
28
38
44
44
44
43
41

0
10
18
26
35
46
58
70
79
84
88

0
2
6
13
22
33
45
56
63
68
70

0
8
20
34
52
72
92
102
101
97
90

0
2
6
13
22
33
45
56
65
71
74

0
8
20
34
51
72
93
105
108
107
101

0
2
6
13
22
32
44
55
62
68
71

0
8
20
33
50
69
88
99
101
99
94

HFC-33-10mee abundance (ppt)
Year
1990

AIB
0

AIT
0

AIFl
0

A2
0

BI
0

B2
0

Alp
0

A2p
0

Blp
0

B2p
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
1
2
3
4
5
7
8
9
10
11

0
1
2
3
4
5
7
8
9
11
12

0
1
2
3
4
5
6
8
9
to
11

0
1
2
2
3
3
4
4
5
6
7

0
1
1
2
2
3
3
4
4
4
4

0
I
1
2
3
3
4
5
5
6
7

0
1
2
3
4
5
6
7
8
9
10

0
1
2
2
2
3
3
4
4
5
6

0
1
2
2
2
3
3
3
4
4
4

0
1
2
2
3
3
4
4
5
5
6

Note: Even though all PFCs, SF6 and HFCs emissions are the same for family A I(A IS, A IT and A IFf), the OH changes due to CHa, NO., Co and
VOC (affecting only IIFCs burdens). Hence the burden for HFCs can diverge for each of these scenarios within familiy Al. See Chapter 4 for details.
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HIS: 7Yopospheric 03 burden (global mean column in DU)
Year
1990

AIR
34.0

AIT
34.0

AIR
34.0

A2
34.0

BI
34.0

B2
34.0

Alp
34.0

A2p
34.0

Blp
34.0

B2p
34.0

1S92a
34.0

IS92a/
SAR
34.0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

34.0
35.8
37.8
39.3
39.7
39.8
39.6
39.1
38.5
38.0
37.5

34.0
35.6
37.7
40.3
41.9
42.9
43.1
41.9
40.2
38.4
36.5

34.0
35.8
38.4
41.5
45.1
49.6
51.9
53.8
55.9
55.6
55.2

34.0
35.7
38.2
40.8
42.6
44.2
45.7
47.2
49.3
52.0
54.8

34.0
34.8
35.6
35.9
35.8
35.0
34.0
33.1
32.1
31.2
30.1

34.0
35.2
36.7
38.4
39.8
40.7
41.5
42.1
43.0
43.7
44.2

34.0
36.2
38.8
40.5
41.3
41.6
41.8
41.4
40.8
39.9
38.9

34.0
35.6
38.2
40.7
42.4
44.1
45.6
47.1
49.1
51.8
54.7

34.0
34.3
35.4
35.7
36.5
37.5
37.7
37.9
38.1
36.8
35.2

34.0
35.4
37.1
38.5
39.9
40.6
41.2
41.6
42.3
42.6
42.8

34.0
35.5
37.1
38.7
40.1
41.6
42.9
44.0
45.1
46.1
47.2

34.3
34.8
35.3
35.8
36.5
37.1
37.7
38.2
38.7
39.1
39.5

Note: IS92a/SAR column refers to IS92a emtssions as reported in the SAR which estimated this 03 change only as an indirect feedback etiect
from CHe increases; Whereas IS92a column uses the latest models (see Chapter 4) which include also changes in emissions of NO, CO and VOC.
A mean tropospheric O, content of 34 DU in 1990 is adopted; and 1 ppb of tropospheric 03 = 0.65 DU.
These projected increases in troposheric 03 are likely to be 25% too large, see note to Table 4.11 of Chapter 4 describing corrections made after
government review.

11.2.6:11upospheric OH (as a factor relative to year 2000)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
1.00
0.99
0.97
0.94
0.91
0.90
0.89
0.89
0.89
0.90
0.90

A]T
1.00
0.99
0.98
0.96
0.93
0.89
0.87
0.84
0.81
0.81
0.82

AIR
1.00
0.99
0.99
0.98
0.96
0.94
0.92
0.90
0.88
0.86
0.86

A2
1.00
1.00
1.00
0.99
0.98
0.96
0.94
0.92
0.90
0.89
0.88

BI
1.00
1.01
1.02
1.04
1.06
1.06
1.05
1.04
1.04
1.04
1.05

82
1.00
0.99
0.99
0.98
0.96
0.93
0.91
0.89
0.87
0.86
0.84

Alp
1.00
0.98
0.94
0.90
0.85
0.81
0.78
0.77
0.77
0.80
0.82

A2p
1.00
1.00
1.00
0.99
0.98
0.96
0.94
0.92
0.90
0.89
0.88

BIp
1.00
1.02
1.01
1.02
1.03
1.04
1.03
1.01
1.01
0.98
0.97

B2p
1.00
0.99
0.97
0.96
0.95
0.93
0.92
0.90
0.89
0.89
0.89

IS92a
1.00
1.00
0.99
0.98
0.96
0.95
0.93
0.92
0.91
0.90
0.89

A2
0.52
0.56
0.75
0.85
0.82
0.79
0.68
0.56
0.49
0.47
0.45

B1
0.52
0.56
0.56
0.59
0.59
0.52
0.42
0.33
0.27
0.22
0.19

82
032
0.50
0.46
0.45
0.44
0.42
0.41
0.38
0.38
0.37
0.36

Alp
0.52
0.66
0.76
0.69
0.59
0.48
0.39
0.34
0.23
0.22
0.21

A2p
0.52
0.56
0.75
0.84
0.81
0.79
0.65
0.54
0.48
0.47
0.45

Blp
0.52
0.45
0.42
0.40
0.40
0.39
0.39
0.37
0.32
0.26
0.22

B2p
0.52
0.51
0.49
0.45
0.44
0.43
0.40
0.39
0.37
0.36
0.36

IS92a
0.52
0.64
0.76
0.87
0.98
1.08
1.07
1.06
1.05
1.04
1.03

H2.7: SOai-aerosol burden (TgS)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
0.52
0.66
0.76
0.69
0.52
0.48
0.35
0.27
0.23
0.22
0.21

AIT
0.52
0.49
0.45
0.45
0.35
0.30
0.26
0.23
0.19
0.18
0.15

AIF7
0.52
0.61
0.65
0.72
0.71
0.61
0.42
0.32
0.30
0.30
0.30

Note: Global burden is scaled to emissions: 0.52 Tg burden for 69.0 TgS/yr emissions.
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II.2.8: BC aerosol burden (Tg)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
0.26
0.29
0.30
0.32
0.33
0.34
0.35
0.36
0.38
0.42
0.46

AIT
0.26
0.29
0.33
0.38
0.43
0.48
0.53
0.56
0.58
058
056

AIR
0.26
0.30
0.34
0.40
0.47
0.58
0.61
0.66
0.74
0.71
0.68

A2
0.26
0.29
0.31
0.36
0.38
0.40
0.43
0.46
0.50
0.56
0.62

BI
0.26
0.24
0.23
0.19
0.17
0.16
0.16
0.15
0.15
0.14
0.13

B2
0.26
0.27
0.30
0.32
0.35
0.37
0.40
0.43
0.48
0.51
0.54

Alp
0.26
0.32
0.38
0.41
0.46
0.50
0.55
0.59
0.62
0.62
0.62

A2p
0.26
0.29
0.31
0.35
0.37
0.40
0.43
0.46
0.50
0.56
0.62

Rip
0.26
0.21
0.25
0.22
0.23
0.24
0.25
0.26
0.27
0.25
0.24

132p
0.26
0.29
0.30
0.29
0.32
0.34
0.37
0.41
0.45
0.49
0.52

IS92a
0.26
0.27
0.28
0.30
0.32
0.34
0.36
0.37
0.39
0.41
0.43

Sip
1.52
1.25
1.45
1.27
1.32
1.38
1.44
1.51
1.57
1.48
1.39

B2p
1.52
1.67
1.78
1.72
1.86
1.98
2.15
2.38
2.65
2.86
3.03

IS92a
1.52
1.59
1.66
1.75
1.86
1.97
2.08
2.19
2.29
2.40
2.51

Note: Global burden is scaled to emissions: 0.26 Tg burden for 12.4 Tg/yremsissions.

11.2.9: OC aerosol burden (Tg)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
1.52
1.70
1.75
1.86
1.94
2.01
2.06
2.11
2.22
2.43
2.67

AIT
1.52
1.70
1.92
2.23
2.51
2.83
3.09
3.28
3.41
3.40
3 28

AIR
1.52
1.73
2.00
2.34
2.77
3.40
3.56
3.88
4.31
4.17
4.00

A2
1.52
1.67
1.81
2.08
2.21
2.33
2.50
2.67
2.94
3.29
3.65

BI
1.52
1.39
1.34
1.12
1.01
0.92
0.91
0.90
0.86
0,92
0.77

B2
1.52
1.61
1.73
1.86
2.02
2.17
2.32
2.54
2.79
3.00
3.17

Alp
1.52
1.87
2.25
2.41
2.66
2.92
3.19
3.46
3.60
3.61
3.63

A2p
1.52
1.67
1.81
2.07
2.19
2.33
2.49
2.66
2.91
325
3.64

Note: Global burden is scaled to emissions: 1.52 Tg burden for 81.4 Tg/yr emissions.
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ll.2.10: CFCs and HFCs abundances from WM098 Scenario A1(baseline) following the Montreal (1997) Amendments (ppt)
Year

C6L-1l

CFC-12

CFC-115

CC4

1970
1975
1980
1985
1990
1995

50
106
164
207
25$
271

109
199
290
373
467
520

CFC-113

4
9
18
34
67
86

CIC-114

6
8
10
12
15
16

0
I
1
3
5
7

56
77
92
100
102
100

13
36
75
102
125
110

13
25
41
64
90
112

0
0
0
0
0
3

0
0
0
0
1
7

0
0
0
0
0
0

0
0
1
2
3
4

0
0
0
1
2
2

1:25
1.54
1.99
2.44
2.87
3.30

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

267
246
214
180
149
123
101
83
68
56
45

535
527
486
441
400
362
328
298
270
245
222

85
81
72
64
57
51
45
40
36
32
28

16
16
15
15
14
14
13
13
12
12
12

9
9
9
9
9
9
9
9
8
8
8

92
75
59
47
37
29
23
18
14
11
9

44
6
1
0
0
0
0
0
0
0
0

145
257
229
137
88
46
20
9
4
2
1

13
22
16
9
6
2
I
0
0
0
0

15
33
32
23
17
11,
6
4
2
1
1

0
2
3
2
2
1
1
0
0
0
0

4
4
3
2
1
1
0
0
0
0
0

3
3
3
3
3
3
2
2
2
2
1

3.28
3.03
2.74
2.42
2.16
1.94
1.76
1.62
1.51
1.41
1.33

CH3CC13 HCFC-22 HCfC-141b HCFC-142b HCFC-123 CF^HrCI

CF3Br

EESCI

Notes: Only significant greenhouse halocarbons shown (ppl).
EESCI = Equivalent Effective Stratospheric Chlorine in ppb (includes Br).
[Source: UNEP/WMO Scientific Assessment of Ozone Depletion: 1998 (Chapter 11), Version 5, June 3, 1998, Calculations by John Daniel and Gnu
Velders guus.velders@rivm.nl & jdaniel@al.noaa.gov]
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II.3: Radiative Forcing ( Wm Z) (relative to pre-industrial period, 1750)
The concentrations of CO, and CHa considered here correspond to the year 2000 and differ slightly from those considered in Chapter 6 which used
the values corresponding to the year 1998 (as appmpnate for the time frame when Chapter 6 began its preparation)- The resulting difference in the
computed present day forcings is about 3% in the case of CO, and about 2% in the case of CI-14. For N20, the difference in the computed forcings is
negligible. In the case of tropospheric ozone, the forcing for the year 2000 given here and that in Chapter 6 are the results of slightly different
scenarios employed with leads to about a 9% difference in the forcings. For the halogen containing compounds, the absolute diHerences in concennztions between here and Chapter 61ead to a difference in present day forcing of less than 0.002 Wm -2 for any species.
11.3.1: CO2 radiative forcing (Wm 2)

ISAM model (reference) - CO=radiative forcing (Wm 2)
Year
AIB
A1T
AIF7
A2
BI
B2
2000
1.51
1.51
1.51
1.51
1.51
1.51
2010
1.82
1.80
1.80
1.81
1.78
1.78
2020
2.21
2.10
2.17
2.17
2.10
2.05
2030
2.62
2.46
2.64
2.32
2.59
2.42
2040
3.04
2.82
3.18
3.03
2.73
2.61
2050
3.47
3.15
3.81
3.47
3.01
2.90
2060
3.86
3.43
4.44
3.93
3.24
3.18
2070
4.21
3.65
5.06
4.42
3.46
3.40
2080
4.54
3.81
5.65
4.93
3.52
3.74
2090
4.82
3.91
4.02
6.20
5.46
3.60
2100
5.07
3.95
6.69
6.02
3.64
4.30

Alp
1.51
1.85
2.27
2.71
3.13
3.53
3.91
4.25
4.56
4.82
5.05

A2p
1.51
1.82
2.19
2.61
3.05
3.50
3.96
4.44
4.93
5.46
6.02

Rip
1.51
1.78
2.07
2.32
2.58
2.83
3.11
3.37
3.59
3.78
3.92

B2p
1.51
1.81
2 13
2.43
2.72
2.99
3.27
3.54
3.81
4.09
4.38

IS92a
1.51
1.81
2.14
2.50
2.87
3.23
3.58
3.95
4.32
4.71
5.11

B2
1.50
1.67
1.87
2.08
2.30
2.53
2.76
2.99
3.21
3.45
3.69

Alp
1.50
1.74
2.07
2.43
2.78
3.12
3.43
3.72
3 96
4.18
4.35

A2p
1.50
1.71
2.00
2.35
2.71
3.09
3.49
3.91
4.35
4.83
5.35

Blp
1.50
1.67
1.88
2.08
2.27
2.48
2.69
2.91
3.09
3.21
3.32

B2p
1.50
1.70
1.95
2.17
2.40
2.62
2.84
3.05
3.28
3.51
3.76

IS92a
1.50
1.70
1.96
2.25
2.53
2.83
3.13
3.44
3.76
4.10
4.46

B2
1.51
1.85
2.17
2.49
2.83
3.16
3.49
3.81
4.13
4.46
4.79

Alp
1.51
1.92
2.40
2.89
3.36
3.82
4.25
4.63
4.99
5.30
5.58

A2p
1.51
1.89
2.32
2.80
3.29
3.78
4.29
4.80
5.35
5.90
6.49

BIp
1.51
1.85
2.18
2.50
2.80
3.10
3.42
3.73
3.99
4.21
4.41

B2p
1.51
1.89
2.26
2.61
2.94
3.27
3.58
3.91
4.22
4.54
4.87

IS92a
1.51
1.89
2.28
2.69
3.12
3.54
3.96
4.39
4.80
5.23
5.68

Bern-CC model (reference) - CO2 radiative forcing (Wm 2)
BI
AIT
AIFI
A2
B2
AIR
Year
1.49
1.49
1.49
1.49
1.49
1.49
2000
1.78
1.76
1.76
1.76
1.76
1.74
2010
2.18
2.08
2.14
2.13
2.08
2.03
2020
2.54
2.40
2.56
2.50
2.36
2.27
2030
•2.96
2.76
3.09
2.93
2.66
2.55
2040
3.70
3.37
2.94
2.84
3.37
3.10
2050
3.17
3.38
4.33
3.82
3.13
3.78
2060
4.96
4.29
3.39
4.12
3.60
3.33
2070
4.80
3.45
4.45
3.78
5.56
3.67
2080
6.12
5.34
4.74
3.86
3.53
3.94
2090
6.62
3.89
5.89
3.55
4.21
4.96
2100

Alp
1.49
1.81
2.22
2.62
3.03
3.44
3.83
4.17
4.48
4.74
4.96

A2p
1.49
1.78
2.16
2.54
2.97
34n
3.85
4.31
4.81
5.34
5.89

Rip
1.49
1.74
2.04
2.27
2.52
?78
3.05
3.30
3.52
3.70
3.83

B2p
1.49
1.77
2.10
2.37
2.66
2.93
3.20
3.47
3.74
4.01
4.27

IS92a
1.49
1.77
2.12
2.44
2.79
3.13
3.48
3.82
4.18
4.57
4.96

IS92a/
SAR
1.56
1.85
2.18
2.53
2.88
3.24
3.59
3.93
4.29
4.66
5.05

ISAM model (low) - CO, radiative forcing (Wm-2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
1.50
1.71
2.01
2.36
2.71
3.06
3.39
169
3.95
4.18
4.38

AIT
1.50
1.69
1.92
2.19
2.49
2.76
2.99
3.15
3.26
3.31
3.31

AIR
1.50
1.69
1.99
2.37
2.84
3.40
3.97
4.52
5.05
5.54
5.99

A2
1.50
1.70
1.97
2.32
2.69
3.06
3.47
3.90
4.34
4.83
5.35

BI
1.50
1.67
1.92
2.16
2.41
2.64
2.81
2.92
2.99
3.03
3.03

ISAM model (high) - CO2 radiative forcing (Wm')
A2
Year
AIT
AIR
AIR
BI
1.51
2000
1.51
1.51
1.51
1.51
1.91
2010
1.87
1.87
1.88
1.87
2020
2.35
2.23
2.23
2.30
2.30
2.81
2.64
2.82
2.76
2.60
2030
2040
3.28
3.04
3.42
3.26
2.96
2050
3.75
3.42
4.09
3.76
3.29
4.77
2060
4.20
3.75
4.27
3.56
4.03
2070
4.59
5.43
4.79
3.78
4.96
4.23
2080
6.06
5.34
3.94
4.39
2090
5.30
6.64
5.90
4.06
4.48
2100
5.59
7.17
6.49
4.14

IS92a/
SAR
1.53
1.82
2.16
2.50
2.87
3.21
3.56
3.91
4.26
4.63
5.01
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Bern-CC model (low) - CO2 radiative forcing (W m^)
BI
AIB
A2
AIT
AIR
Year
1.49
1.49
1.49
1.49
1.49
2000
1.69
1.69
1.71
1.69
1.69
2010
1.95
2.00
2.04
2.01
2020
1.95
2.36
2.31
2.17
2030
2.36
2.19
2.41
2.83
2.68
2040
2.69
2.48
3.05
2.64
2050
3.04
2.74
3.36
2.81
3.91
3.44
3.37
2060
2.96
4.43
2.91
3.63
3.10
3.83
2070
4.94
4.27
2.98
2080
3.89
3.19
4.10
3.23
5.40
4.71
3.00
2090
2.99
5.20
2100
4.27
3.20
5.81

B2
1.49
1.67
1.89
2.08
2.30
2.52
2.74
2.94
3.16
3.37
3.59

Alp
1.49
1.73
2.09
2.42
2.76
3.10
3.39
3.65
3.89
4.08
4.23

A2p
1.49
1.71
2.03
2.35
2.71
3.09
3.46
3.83
4.26
4.71
5.19

flip
1.49
1.67
1.91
2.08
2.27
2.46
2.67
2.87
3.03
3.15
3.24

B2p
1.49
1.70
1.97
2.17
2.38
2.60
2.81
3.00
3.21
3.43
3.65

IS92a
1.49
1.71
1.99
2.26
2.55
2.84
3.14
3.42
3.74
4.05
4.39

Bern-CC model ( high) - CO2 radiative forcing Mur-2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
1.49
1.88
2.41
2.96
3.53
4.11
4.67
5.18
5.63
6.04
6.39

AIT
1.49
1.85
2.30
2.78
3.29
3.77
4.20
4.57
4.86
5.07
5.20

AIR
1.49
1.85
2.37
2.97
3.67
4.44
5.26
6.04
6.77
7.45
8.03

A2
1.49
1.85
2.35
2.89
3.48
4.09
4.71
5.33
5.97
6.61
7.26

BI
1.49
1.84
2.28
2.73
3.17
3.59
3.97
4.27
4.50
4.67
4.79

B2
1.49
1.84
2.23
2.62
3.04
3.46
3.89
4.29
4.69
5.08
5.44

Alp
1.49
1.91
2.47
3.04
3.63
4.20
4.75
5.23
5.67
6.06
6.39

A2p
1.49
1.88
2.38
2.94
3.53
4.13
4.75
5.36
5.99
6.62
7.27

Blp
1.49
1.84
2.26
2.64
3.01
3.39
3.80
4.19
4.53
4.80
5.04

B2p
1.49
1 .87
2.33
2.75
3.18
3.59
4.01
4.39
4.79
5.17
5.53

IS92a
1.49
1.88
2.35
2.82
3.32
3.82
4.33
4.82
5.31
5.80
6.30

A2
0.49
0.53
058
0.63
0.70
0.76
0.83
0.89
0.96
1.02
1.09

B1
0.49
0.51
0.54
0.55
0.55
0.53
0.52
0.50
0.48
0.45
0.42

82
0.49
0.52
0.55
0.60
0.64
0.70
0.74
0 78
0.82
0.85
0.88

Alp
0.49
0.54
0.62
0.71
0.77
0.80
0.81
0.79
0.75
0.70
0.64

A2p
0.49
0.53
0.58
0.63
0.69
0.76
0.82
0.89
0.96
1.02
1.08

Blp
0.49
0.51
0.53
0.55
0.56
0.58
0.59
0.60
0.61
0.61
0.59

B2p
0.49
0.53
0.58
0.64'
0.70
0.73
0.76
0.77
0.78
0.77
0.76

IS92a
0.49
0.52
0.57
0.62
0.68
0.74
0.79
0.83
0.86
0.90
0.93

1S92a1
SAR
0.51
0.56
0.63
0.69
0.76
0.83
0.89
0.94
0.98
1.02
1.06

A2
0.15
0.18
0.21
0.25
0.29
0.33
0.37
0.41
0.45
0.49
0.53

BI
0.15
0.18
0.21
0.23
0.25
0.28
0.30
0.31
0.32
0.33
0.33

82
0.15
0.17
0.19
0.21
0.22
0.23
0.25
0.26
0.27
0.28
0.29

Alp
0.15
0.18
0.20
0.23
0.25
0.26
0.27
0.28
0.29
0.29
0.29

A2p
0.15
0.18
0.21
0.25
0.29
0.33
0.36
0.40
0.45
0.49
0.53

Blp
0.15
0.18
0.21
0.23
0.26
0.28
0.31
0.33
0.35
0.36
0.37

B2p
0.15
0.18
0.20
0.22
0.24
0.25
0.26
0.26
0.27
0.27
0.28

IS92a
0.15
0.18
0.21
0.24
0.27
0.30
0.32
0.35
0.37
0.39
0.41

IS92a/
SAR
0.16
0.19
0.22
0.26
0.29
0.32
0.35
0.38
0.40
0.43
0.45

113.2: CH4 radiative forcing (Wm -2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
0.49
0.53
0.59
0.65
0.69
0.71
0.71
0.68
0.64
0.60
0.57

AIT
0.49
0.52
0.58
0.64
0.70
0.74
0.76
0.74
0.72
0.68
0.63

AIR
0.49
0.52
0.57
0.64
0.71
0.79
0.85
0.90
0.94
0.97
1.00

1133: NiO radiative forcing (Wm 2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
0.15
0.18
0.20
0.22
0.24
0.26
0.28
0.29
0.30
0.31
0.32

AIT
0.15
0.17
0.19
0.21
0.22
0.23
0.24
0.25
0.26
0.26
0.27

AIR
0.15
0.18
0.21
0.25
0.29
0.34
0.39
0.44
0.48
0.53
0.57
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113.4: PFCs, SF6 and HFCs radiative forcing (Wm-2)
CF4 radiative forcing (Wm z)
Year
AM
A1T
AIR
2000
0.003
0.003
0.003
2010
0.004
0.004
0.004
2020
0.005
0.005
0.005
2030
0.006
0.006
0.006
2040
0.008
0.008
0.008
2050
0.010
0.010
0.010
2060
0.013
0.013
0.013
2070
0.015
0.015
0.015
2080
0.018
0.018
0.018
2090
0.021
0.021
0.021
2100
0.024
0.024
0.024

A2
0.003
0.004
0.005
0.007
0.009
0.011
0.013
0.016
0.020
0.024
0.029

BL
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.010
0.011
0.012
0.013

B2
0.003
0.004
0.005
0.007
0.009
0.012
0.014
0.018
0.021
0.024
0.028

Alp
0.003
0.005
0.007
0.009
0.013
0.016
0.020
0.024
0.027
0.029
0.032

A2p
0.003
0.005
0.006
0.008
0.011
0.014
0.017
0.021
0.026
0.031
0.037

Blp
0.003
0.005
0.006
0.008
0.010
0.011
0.013
0.015
0.016
0.017
0.018

B2p
0.003
0.005
0.007
0.009
0.012
0.015
0.019
0.023
0.027
0.032
0.036

AIR
0.001
0.001
0.001
0.002
0.002
0002
0.003
0.003
0.004
0.004
0.005

A2
0.001
0.001
0.001
0.002
0.002
0.002
0.003
0.004
0.004
0.005
0.006

BI
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002
0.003
0.003

B2
0.001
0.001
0.001
0.002
0.002
0.003
0.003
0.004
0.004
0.005
0.006

Alp
0.001
0.001
0.002
0.002
0.003
0.004
0.004
0.005
0.006
0.006
0.007

A2p
0.001
0.001
0.002
0.002
0.002
0.003
0.004
0.005
0.005
0.007
0.008

Blp
0.001
0.001
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.004
0.004

B2p
0.001
0.001
0.002
0.002
0.003
0.003
0.004
0.005
0.006
0.007
0.008

SF6 radiative forcing (Wm 2)
AIFI
AIT
AIB
Year
0.003
0.003
2000
0.003
0.004
0.004
0.004
2010
0.005
0.005
2020
0.005
0.007
0.007
2030
0.007
0.009
0.009
2040
0.009
0.013
0.013
0.013
2050
0.017
0.017
0.017
2060
0.020
0.020
2070
0.020
0.023
0.023
2080
0.023
0.026
0.026
0.026
2090
0.029
0.029
0.029
2100

A2
0.003
0.004
0.006
0.008
0.010
0.014
0.017
0.021
0.025
0.029
0.034

BI
0.003
0.004
0.005
0.006
0.008
0.010
0.012
0.014
0.016
0.017
0.018

B2
0.003
0.004
0.005
0.007
0.009
0.012
0.014
0.017
0.019
0.021
0.023

Alp
0.003
0.004
0.005
0.007
0.010
0.014
0.017
0.021
0.024
0.027
0.030

A2p
0.003
0.004
0.006
0.008
0.010
0.014
0.017
0.021
0.025
0.030
0.034

Blp
0.003
0.004
0.005
0.006
0.008
0.010
0.012
0.015
0.017
0.018
0.019

B2p
0.003
0.004
0.006
0.008
0.011
0.014
0.018
0.022
0.027
0.032
0.036

A2
o.ooz
0.004
0.005
0.006
0.006
0.006
0.006
0.005
0.005
0.005
0.005

B1
o.ooz
0.004
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005

B2
o.002
0.004
0.005
0.006
0.006
0.006
0.006
0.005
0.005
0.005
0.005

Alp
0.002
0.004
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005

A2p
0.002
0.004
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005

Blp
0.002
0.004
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005

B2p
0.002
0.004
0.005
0.006
0.006
0.006
0.005
0.005
0.005
0.005
0.005

C2F6 radiative forcing (Wm -2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
0.001
0.001
0.001
0.002
0.002
0.002
0.003
0.003
0.004
0.004
0.005

AIT
0.001
0.001
0.001
0.002
0.002
0.002
0.003
0.003
0.004
0.004
0.005

IffC-23 radiative forcing (Wm-)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
o.ooz
0.004
0.005
0.006
0.006
0.006
0.006
0.006
0.005
0.005
0.005

AIT
o.ooz
0.004
0.005
0.006
0.006
0.006
0.006
0.006
0.005
0.005
0.005

AIR
o.oox
0.004
0.005
0.006
0.006
0.006
0.006
0.005
0.005
0.005
0.005
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RFC-32 radiative forcing (Wrn 2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIFI
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002

A2
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0,001
0.001
0.002
0.002

BI
0.000
0.000
0.000
0.000
0.000
0.00I
0.001
0.001
0.001
0.001
0.001

B2
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.002

Alp
0.000
0.000
0.000
0.001
0.00I
0.001
0.002
0.002
0.002
0.002
0.002

A2p
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.002

Rip
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.00I
0.001

B2p
0.000
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001

(Wm Z)
AIFI
0.000
0.000
0.002
0.005
0.009
0.013
0.017
0.022
0.026
0.029
0.031

A2
0.000
0.000
0.002
0.004
0.006
0.008
0.010
0.013
0.017
0.020
0.025

BI
0.000
0.000
0.002
0.004
0.006
0.008
0.010
0.011
0.012
0.013
0.013

B2
0.000
0.000
0.002
0.004
0.006
0.008
0.011
0.014
0.017
0.020
0.023

Alp
0.000
0.001
0.002
0.005
0.009
0.013
0.018
0.022
0.026
0.028
0.030

A2p
0.000
0.001
0.002
0.003
0.005
0.007
0.010
0.012
0.016
0.019
0.023

Blp
0.000
0.001
0.002
0.004
0.006
0.008
0.010
0.011
0.012
0.013
0.013

B2p
0.000
0.001
0.002
0.004
0.006
0.009
0.012
0.015
0.018
0.020
0.023

IS92a
0.000
0.000
0.000
0.003
0.009
0.020
0.032
0.041
0.048
0.054
0.059

HFC-134a radiative forcing (Wm T)
AIB
Year
A2
ALT
AIR
0.002
2000
0.002
0.002
0002
2010
0.009
0.009
0.009
0.008
2020
0.020
0.020
0.019
0.017
2030
0.035
0.035
0.035
0.026
2040
0.056
0.056
0.055
0.035
2050
0.081
0.080
0.078
0.045
0.105
0.101
2060
0.105
0.057
2070
0.122
0.125
0.119
0.072
0.137
2080
0.131
0.129
0.089
2090
0.133
0.143
0.134
0.109
2100
0.131
0.143
0.135
0.132

BI
0.002
0.008
0.016
0.025
0.033
0.044
0.053
0.057
0.059
0.059
0.057

B2
0.002
0.008
0.017
0.027
0.038
0.050
0.064
0.079
0.095
0.111
0.125

Alp
0.002
0.012
0.026
0.048
0.078
0.113
0.143
0.164
0.175
0.178
0.174

A2p
0.002
0.011
0.021
0.032
0.043
0.056
0.072
0.091
0.113
0.140
0.170

BIp
0.002
0.011
0.02I
0.032
0.044
0.059
0.071
0.077
0.079
0.080
0.078

132p
0.002
0.012
0.023
0.038
0.053
0.072
0.092
0.113
0.132
0.145
0.156

IS92a
0.002
0.014
0.027
0.042
0.060
0.081
0.099
0.111
0.121
0.128
0.132

BI
0.000
0.000
0.001
0.002
0.004
0.006
0.007
0.009
0.010
0.011
0.012

B2
0.000
0.000
0.001
0.002
0.004
0.006
0.008
0.011
0.013
0.016
0.018

Alp
0.000
0.001
0.002
0.004
0.006
0.010
0.014
0.017
0.020
0.023
0.026

A2p
0.000
0.001
0.001
0.003
0.004
0.006
0.008
0.010
0.013
0.016
0.020

Rip
0.000
0.001
0.001
0.003
0.004
0.006
0.008
0.009
0.010
0.011
0.012

B2p
0.000
0.001
0.001
0.003
0.005
0.007
0.009
0.012
0.014
0.017
0.019

AM
0.000
0.000
0.000
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002

ALT
0.000
0.000
0.000
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.002

HFC-125 radiative forcing
AIT
Year
AIR
2000
0.000
0.000
2010
0.000
0.000
2020
0.002
0.002
2030
0.005
0.005
2040
0.009
0.009
2050
0.013
0.013
2060
0.018
0.018
2070
0.022
0.023
2080
0.026
0.026
2090
0.029
0.030
2100
0.031
0.032

HFC-143a radiative forcing (Wm =)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
0.000
0.000
0.001
0.003
0.006
0.009
0.013
0.017
0.021
0.024
0.026

AIT
0.000
0.000
0.001
0.003
0.006
0.009
0.0I3
0.017
0.021
0.024
0.027

AIR
0.000
0.000
0.001
0.003
0.006
0.009
0.013
0.017
0.020
0.023
0.026

A2
0.000
0.000
0.001
0.003
0.004
0.006
0.008
0.011
0.013
0.017
0.020
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HFC-152a radiative forcing (Wm-2)

Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIB
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

AIT
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

A2
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

B1
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

B2
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Alp
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

A2p
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

Blp
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

B2p
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

HFC-227ea radiative forcing (Wm ')
A2
Year
A1B
AIT
AIFI
2000
0.000
0.000
0.000
0.000
2010
0.001
0.001
0.001
0.001
2020
0.002
0.002
0.002
0.002
2030
0.004
0.004
0.004
0.003
2040
0.007
0.007
0.007
0.004
2050
0.010
0.010
0.010
0.006
0.014
2060
0.014
0.013
0.008
2070
0.017
0.017
0.016
0.010
0.012
2080
0.019
0.020
0.019
0.020
2090
0.021
0.015
0.020
0.021
0.018
0.022
0.021
2100

BI
0.000
0.001
0.002
0.003
0.004
0.006
0.008
0.009
0.010
0.010
0.011

B2
0.000
0.001
0.002
0.003
0.005
0.007
0.009
0.012
0.015
0.018
0.020

Alp
0.000
0.001
0.002
0.004
0.007
0.010
0.013
0.016
0.018
0.019
0.020

A2p
0.000
0.001
0.002
0.003
0.004
0.005
0.007
0.009
0.011
0.014
0.016

Blp
0.000
0.001
0.002
0.003
0.004
0.006
0.008
0.009
0.010
0.010
0.010

B2p
0.000
0.001
0.002
0.003
0.005
0.007
0.009
0.012
0.014
0.016
0.018

HFC-245ca radiative forcing (Wm 2)
AIT
AIB
Year
AIFI
A2
0.000
0.000
0.000
2000
0.000
0.002
2010
0.002
0.002
0.002
0.005
0.005
0.004
2020
0.005
0.005
2030
0.008
0.008
0.008
0.012
0.007
2040
0.012
0.012
0.017
0.017
0.016
0.008
2050
0.021
0.021
0.020
0.011
2060
0.024
0.023
0.013
2070
0.023
0.023
0.025
0.023
0.017
2080
0.025
0.023
0.020
2090
0.022
0.024
0.021
0.023
0.022
2100

B1
0.000
0.002
0.004
0.005
0.007
0.009
0.010
0.010
0.010
0.010
0.009

B2
0.000
0.002
0.004
0.006
0.008
0.010
0.013
0.015
0.018
0.021
0.024

Alp
0.000
0.003
0.005
0.008
0.013
0.017
0.021
0.023
0.023
0.022
0.020

A2p
0.000
0.002
0.004
0.005
0.006
0.008
0.010
0.013
0.016
0.019
0.023

Blp
0.000
0.002
0.004
0.005
0.006
0.009
0.010
0.010
0-010
0.010
0.009

B2p
0.000
0.002
0.004
0.006
0.008
0.011
0.013
0.016
0.018
0.019
0.020

HFC-03-10mee radiative forcing (Wm 2)
A2
AIB
AIT
AIR
Year
0.000
0.000
0.000
0.000
2000
0.000
0.000
0.000
2010
0.000
0.001
0.001
0.001
0.001
2020
0.001
0.001
0.001
0.001
2030
0.002
0.002
0.001
0.002
2040
0.002
0.002
0.002
0.001
2050
0.003
0.002
0.002
0.003
2060
0.003
0.003
0.002
0.003
2070
0.004
0.002
0.004
0.004
2080
0.002
0.004
0.004
0.004
2090
0.004
0.003
0,004
0.005
2100

BI
0.000
0.000
0.000
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002

B2
0.000
0.000
0.000
0.001
0.001
0.001
0.002
0.002
0.002
0.002
0.003

Alp
0.000
0.000
0.001
0.001
0.002
0.002
0.002
0.003
0.003
0.004
0.004

A2p
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002
0.002

Blp
0.000
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002
0.002

B2p
0.000
0.000
0.001
0001
0.001
0.001
0.002
0.002
0.002
0.062
0.002

AIR
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

IS92a
0.000
0.000
0.000
0.001
0.003
0.005
0.006
0.007
0.007
0.007
0.007
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B.35: Tropospheric 03 radiative forcing (Wm ^)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
0.38
0.45
0.54
0.60
0.62
0.62
0.61
0.59
0.57
0.55
0.52

A1T
0.38
0.45
0.53
0.64
0.71
0.75
0.76
0.71
0.64
0.56
0.48

A1F1
0.38
0.45
0.56
0.69
0.84
1.03
1.13
1.21
1.30
1.29
1.27

A2
0.38
0.45
0.55
0.66
0.74
0.81
0.87
0.93
1.02
1.13
1.25

BI
0.38
0.41
0.45
0.46
0.45
0.42
0.38
0.34
0.30
0.26
0.21

32
0.38
0.43
0.49
0.56
0.62
0.66
0.69
0.72
0.76
0.79
0.81

Alp
038
0.47
0.58
0.65
0.68
0.70
0.71
0.69
0.66
0.63
0.58

A2p
0.38
0.45
0.55
0.66
0.73
0.80
0.87
0.93
1.01
1.13
1.25

Blp
0.38
0.39
0.44
0.45
0.48
0.52
0.53
0.54
0.55
0.50
0.43

B2p
0.38
0.44
0.51
0.57
0.63
0.66
0.68
0.70
0.73
0.74
0.75

IS92a
0.38
0.44
0.51
0.58
0.63
0.70
0.75
0.80
0.84
0.89
0.93

11.3.6: S0dh aerosols (direct effect) radiative forcing (Wm-2)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
-0.40
-0.51
-0.58
-0.53
-0.40
-0.37
-0.27
-0.21
-0.18
-0.17
-0.16

AIT
-0.40
-0.38
-0.35
-0.35
-0.27
-0.23
-0.20
-0.18
-0.15
-0.14
-0.12

AIFI
-0.40
-0.47
-0.50
-0.55
-0.55
-0.47
-0.32
-0.25
-0.23
-0.23
-0.23

A2
-0.40
-0.43
-0.58
-0.65
-0.63
-0.61
-0.52
-0.43
-0.38
-0.36
-0.35

B1
-0.40
-0.43
-0.43
-0.45
-0.45
-0.40
-0.32
-0.25
-0.21
-0.17
-0.15

B2
-0.40
-0.38
-0.35
-0.35
-0.34
-0-32
-0.32
-0.29
-0.29
-0.28
-0.28

Alp
-0.40
-0.51
-0.58
-0.53
-0.45
-0.37
-0.30
-0.26
-0.18
-0.17
-0.16

A2p
-0.40
-0.43
-0.58
-0.65
-0.62
-0.61
-0.50
-0.42
-0.37
-0.36
-0.35

Rip
-0.40
-0.35
-0.32
-0.31
-0.31
-0.30
-0.30
-0.28
-0.25
-0.20
-0.17

B2p
-0.40
-0.39
-0.38
-0.35
-0.34
-0.33
-0.31
-0.30
-0.28
-0.28
-0.28

1S92a
-0.40
-0.49
-0.58
-0.67
-0.75
-0.83
-0.82
-0.82
-0.81
-0.80
-0.79

B1
0.40
0.37
0.35
0.29
0.26
0.25
0.25
0.23
0.23
0.22
0.20

B2
0.40
0.42
0.46
0.49
0.54
0.57
0.62
0.66
0.74
0.78
0.83

Alp
0.40
0.49
0.58
0.63
0.71
0.77
0.85
0.91
0.95
0.95
0.95

A2p
0.40
0.45
0.48
0.54
0.57
0.62
0.66
0.71
0.77
0.86
0.95

Rip
0.40
0.32
0.38
0.34
0.35
0.37
0.38
0.40
0.42
0.38
0.37

B2p
0.40
0.45
0.46
0.45
0.49
0.52
0.57
0.63
0.69
0.75
0.80

IS92a
0.40
0.42
0.43
0.46
0.49
0.52
0.55
0.57
0.60
0.63
0.66

BI
-0.50
-0.46
-0.44
-0.37
-0.33
-0.30
-0.30
-0.30
-0.28
-0.27
-0.25

B2
-0.50
-0.53
-0.57
-0.61
-0.66
-0.71
-0.76
-0.84
-0.92
-0.99
-1.04

Alp
-0.50
-0.62
-0.74
-0.79
-0.88
-0.96
-1.05
-1.14
-1.18
-1.19
-1.19

A2p
-0.50
-0.55
-0.60
-0.68
-0.72
-0.77
-0.82
-0.88
-0.96
-1.07
-1.20

Rip
-0.50
-0.41
-0.48
-0.42
-0.43
-0.45
-0.47
-0.50
-0.52
-0.49
-0.46

132p
-0.50
-0.55
-0.59
-0.57
-0.61
-0.65
-071
-0.78
-0.87
-0.94
-1.00

IS92a
-0.50
-0.52
-0.55
-0.58
-0.61
-0.65
-0.68
-0.72
-0.75
-0.79
-0.83

113.7: BC aerosols radiative forcing (Wm-')
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
0.40
0.45
0.46
0.49
0.51
0.52
0.54
0.55
0.58
0.65
0.71

AIT
0.40
0.45
0.51
0.58
0.66
0.74
0.82
0.86
0.89
0.89
0.86

AIFI
0.40
0.46
0.52
0.62
0.72
0.89
0.94
1.02
1.14
1.09
1.05

A2
0.40
0.45
0.48
0.55
0.58
0.62
0.66
0.71
0.77
0.86
0.95

113.8: OC aerosols radiative forcing (Wm 2)
Year
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

AIR
-0.50
-0.56
-0.58
-0.61
-0.64
-0.66
-0.68
-0.69
-0.73
-0.80
-0.88

AIT
-0.50
-0.56
-0.63
-0.73
-0.83
-0.93
-1.02
- 1.08
-1.12
-1.12
-1.08

AIFI
-0.50
-0.57
-0.66
-0.77
-0.91
-1.12
-1.17
-1.28
-1.42
-1.37
-1.32

A2
-0.50
-0.55
-0.60
-0.68
-0.73
-0.77
-0.82
-0.88
-0.97
-1.08
-1.20

IS92a
SAR
0.39
0.41
0.43
0.45
0.48
0.51
0.53
0.55
0.58
0.59
0.61
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H3.9: Radiative forcing (Wm-2) from CFCs and HCFCs following the Montreal ( 1997) Amendments
Y.

CFC-11

CFC-12

CFC-113

CFC-114

CFC-115

CC4

CH3CCI3

HCFC-22 HCrC-141b HCFC-142bHCFC-12) CFBrCI

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0.0668
0.0615
0.0535
0.0450
0.0373
0.0308
0.0253
0.0208
0.0170
0.0140
0.0113

0.1712
0.1686
0.1555
0.1411
0.1280
0.1158
0.1050
0.0954
0.0864
0.0784
0.0710

0.0255
0.0243
0.0216
0.0192
0.0171
0.0153
0.0135
0.0120
0.0108
0.0096
0.0084

0.0050
0.0050
0.0047
0.0047
0.0043
0.0043
0.0040
0.0040
0.0037
0.0037
0.0037

0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0014
0.0014
0.0014

0.0120
0.0098
0.0077
0.0061
0.0048
0.0038
0.0030
0.0023
0.0018
0.0014
0.0012

0.0026
0.0004
0.0001
0.0000
0.0000
0.0000
0.0000
0.(]000
0.0000
0.0000
0.0000

0.0290
0.0514
0.0458
0.0274
0.0176
0.0092
0.0040
0.0018
0.0008
0.0004
0.0002

0.0018
0.0031
0.0022
0.0013
0.0008
0.0003
0.0001
0.0000
0.0000
0.0000
0.0000

0.0030
0.0066
0.0064
0.0046
0.0034
0.0022
0.0012
0.0008
0.0004
0.0002
0.0002

0.0000
0.0004
0.0006
0.0004
0.11004
0.0002
0.0002
0.0000
0.0000
0.0000
0.0000

0.0012
0.0012
0.0009
0.0006
0.0003
0.0003
0.0000
0.0000
0.0000
0.0000
0.0000

CF3Br

SLIM

0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0006
0.0006
0.0006
0.0006
0.0003

0.3206
0.3348
0.3015
0.2529
0.2166
0.1848
0.1585
0.1393
0.1230
0.1098
0.0977

H3.10: Radiative Forcing (Wm-2) from fosB fuel plus biomass Organic and Black Carbon as used in the Chapter 9 Simple Model
S12FS Projections
Year
1990

AIB
-0.0997

A1T
-0.0997

AIR
-0.0997

A2
-0.0997

BI
-0.0997

B2
-0.0997

IS92a
-0.0998

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

-0.1361
-0.1308
-0.0524
-0.0562
-0.0780
-0.0804
-0.0948
-0.1071
-0.1161
-0.1178
-0.1208

-0.1361
-0.1468
-0.0799
-0.0598
-0.0644
-0.0603
-0.0615
-0.0613
-0.0629
-0.0619
-0.0629

-0.1361
-0.1280
-0.1714
-0.1745
-0.1614
-0.1351
-0.1417
-0.1193
-0.0644
0.0365
0.0565

-0.1361
-0.1392
-0.1248
-0.1088
-0.1064
-0.1029
-0.1002
-0.0939
-0.0871
-0.0816
-0.0762

-0.1361
-0.1081
-0.0926
-0.0154
0.0349
0.0280
0.0241
0.0147
0.0300
11.0421
0.0351

-0.1361
-0.1203
-0.0516
-0.0148
-0.0075
-0.0049
0.0015
0.0064
0.0180
0.0341
0.0510

-0.1586
-0.1357
-0.1103
-0.0872
-0.0610
-0.0339
-0.0190
-0.0026
0.0166
0.0390
0.0635

11J.11: Total Radiative Forcing (Wm 2) from GHG plus direct and indirect aerosol effects as used in the Chapter 9 Simple Model
SRFS Projections
Year
1990

AIR
1.03

ALT
1.03

AIFI
1.03

A2
1.03

B1
1.03

B2
1.03

1S92a
1.03

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

1.33
1.65
2.16
2.84
3.61
4.16
4.79
5.28
5.62
5.86
6.05

1.33
1.85
2.48
3.07
3.76
4.31
4.73
4.97
5.11
5.12
5.07

1.33
1.69
2.17
2.78
3.67
4.83
5.99
7.02
7.89
8.59
9.14

1.33
1.74
2.04
2.56
3.22
3.89
4.71
5.56
6.40
7.22
8.07

1.33
1.73
2.15
2.56
2.93
3.30
3.65
3.92
4.09
4.18
4.19

1.33
1.82
2.36
2.81
3.26
3.70
4.11
4.52
4.92
5.32
5.71

1.31
1.63
2.00
2.40
2.82
3.25
3.76
4.24
4.74
5.26
5.79
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II.4: Model Average Surface Air Temperature Change (°C)
Year
1750 to 1990

AIB
0.33

AIT
0.33

AIR
0.33

A2
0.33

BI
0.33

B2
0.33

IS92a
0.34

1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0.00
0.16
0.30
0.52
0.85
1.26
1.59
1.97
2.30
2.56
2.77
2.95

0.00
0.16
0.40
0.71
1.03
1.41
1.75
2.04
2.25
2.41
2.49
2.54

0.00
0.16
0.32
0.55
0.85
1.27
1.86
2.50
3.10
3.64
4.09
4.49

0.00
0.16
0.35
0.50
0.73
1.06
1.42
1.85
2.33
2.81
3.29
3.79

0.00
0.16
0.34
0.55
0.77
0.98
1.21
1.44
1.63
1.79
1.91
1.98

0.00
0.16
0.39
0.66
0.93
1.18
1.44
1.69
1.94
2.20
2.44
2.69

0.00
0.15
0.27
0.43
0.61
0.80
1.00
1.26
1.52
1.79
2.08
2.38

Note: See Chapter 9 for details.

US: Sea Level Change (mm)
Note: Values are for the middle of the year..

115.1: Total sea level change (mm)
Models average - Total sea level change (mm)
Year
A18
AIT
A2
B1
AIR
1990
0
0
0
0
0

R2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

17
38
64
94
126
160
197
235
275
316
358

17
37
61
91
127
167
210
256
301
345
387

17
39
66
97
134
175
217
258
298
334
367

17
37
61
90
126
172
228
290
356
424
491

17
38
61
88
120
157
201
250
304
362
424

17
38
62
89
118
150
183
216
249
281
310

Note: The sum of the components listed in Appendix U.5.2 to U.5.5 does not equal the values shown above owing to the addition of other terms
See Chapter 11, Section 11.5.1 for details.
Models minimum - Total sea level change (mm)
AIB
AIT
Year
AIR
A2
BI
1990
0
0
0
0
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

6
13
23
34
45
56
68
79
91
103
114

6
13
22
34
48
63
78
93
107•
119
129

6
13
22
33
47
66
89
1t3
137
160
182

6
13
24
36
49
64
77
89
99
106
111

6
13
21
31
44
58
75
93
113
133
155

6
13
22
32
42
52
63
72
80
87
92

Note: The final values of these timeseries correspond to the lower limit of the coloured bars on the right-hand side of Chapter 11, Figure 11.12.
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Model maximum - Total sea level change (mm)

Year
1990

A1B
0

AIT
0

A1FI
0

A2
0

BI
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

29
63
103
153
214
284
360
442
527
611
694

29
63
104
153
214
291
386
494
612
735
859

29
65
I10
164
228
299
375
453
529
602
671

29
64
104
149
204
269
343
430
526
631
743

29
64
105
151
203
259
319
381
444
507
567

29
65
109
159
216
277
344
414
488
566
646

Note: The final values of these timeseries correspond to the upper limit of the coloured bars on the right-hand side of Chapter 11, Fgt

115.2: Sea level change due to thermal expansion (mm)

Year
1990

AIB
0

A1T
0

A(FI
0

A2
0

BI
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2010

10
23
39
60
87
117
150
I85
220
255
288

10
24
43
66
93
123
155
186
216
243
267

10
23
39
60
86
122
166
217
272
329
388

10
23
39
57
81
109
142
I80
224
272
325

10
23
39
58
79
101
125
149
173
195
216

10
24
42
62
85
I10
137
165
196
227
260

1153: Sea level change due to glaciers and ice caps (mtn)
Year
1990

AIB
0

AIT
0

AIFI
0

A2
0

BI
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

4
9
16
23
32
43
55
67
80
93
106

4
10
17
25
35
46
58
71
83
95
106

4
9
16
23
32
44
57
72
89
105
120

4
10
16
23
31
41
52
65
79
93
108

4
10
16
23
31
41
50
61
71
82
92

4
10
16
24
34
44
54
66
77
89
101
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WA: Sea level change due to Greenland (nun)
Year
1990

AIB
0

AIT
0

AIFI
0

A2
0

31
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100

0
1
2
4
5
8
10
13
17
20
24

0
I
2
4
6
8
11
14
17
21
24

0
1
2
4
5
8
lI
15
19
24
29

0
1
2
4
5
7
10
13
16
20
25

0
I
2
4
5
7
9
12
14
17
20

0
1
2
4
6
8
10
13
16
19
22

1155: Sea level change due to Antarctica (mm)

Year
1990

AIR
0

AIT
0

AIR
0

A2
0

B1
0

B2
0

2000
2010
2020
2030
2040
2050
2060
2070
2080
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Rijksinstimut voor Kust en Zee
Koninklijk Nederlands Meteorologisch Instituut
Koninklijk Nederlands Meteorologisch Instimut
University of Utrecht
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Koninklijk Nederlands Meteorologisch Instimut and University of Utrecht
Koninklijk Nederlands Meteorologisch Instituut
Ministry of Housing, Spatial Planning & the Environment
Rijksinstituut voor Volksgezondheid en Milieu
Koninklijk Nederlands Meteorologisch Instituut
Wile Universiteit
Wile Universiteit
Wile Universiteit

AppendisIV

J. Ronde
M. Scheffers
C. Schuurmans
P. Siegmund
A. Sterl
H. ten Brink
R. Tol
S. van de Geijn
It van Dorland
G. van Tol
A. van Ulden
M. van Weele
P. Veefkind
G. Velders
J.Verbeek
H. Visser

Rijksinstituut voor Rust en Zee
Rijksinstimut voor Kust en Zee
University of Utrecht
Koninklijk Nederlands Meteorologisch Instituut
Koninklijk Nederlands Meteorologisch Instimut
Energieonderzoek Centmm Nederland
Vrije Universiteit
Plant Research International
Koninklijk Nederlands Meteorologisch Instimut
Expertisecentrum LNV
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Acronyms and Abbreviations

AABW
AAO
ABL
ACC
ACE
ACRIM
ACSYS
ACW
AEROCE
AGAGE
AGCM
AGWP
AMIP
ANN
AO
AOGCM
ARESE
ARGO
ARM
ARPEGE/OPA
ASHOE/MAESA

Antarctic Bottom Water
Antarctic Oscillation
Atmospheric Boundary Layer
Antarctic Circumpolar Current
Aerosol Characterisation Experiment

Active Cavity Radiometer lrradiance Monitor
Arctic Climate System Study
Antarctic Circumpolar Wave
Atmosphere Ocean Chemistry Experiment
Advanced Global Atmospheric Gases Experiment
Atmospheric General Circulation Model
Absolute Global Warming Potential
Atmospheric Model Intercomparison Project
Artificial Neural Networks
Arctic Oscillation
Atmosphere-Occan General Circulation Model
Atmospheric Radiation Measurement Enhanced Shortwave Experiment
Part of the Integrated Global Observation Strategy
Atmospheric Radiation Measurement
Action de Recherche Petite Echelle Grande EchellelOcEan ParallElise
Airborne Southern Hemisphere Ozone Experiment/Measurement for Assessing the Effects of Stro
Aircraft

AVHRR
AWI
BAHC
BC
BERN2D
BIOME 6000
BMRC
CART
CCA
CCC(ma)
CCM
CCMLP
CCN
CCSR
CERFACS
CIAP

Advanced Very High Resolution Radiometer
Alfred Wegener Institute (Germany)
Biosphedc Aspects of the Hydrological Cycle
Black Carbon
Two-dimensional Climate Model of University of Bern
Global Palaeo-vegetation Mapping Project
Bureau of Meteorology Research Centre (Australia)
Classification and Tree Analysis
Canonical Correlation Analysis
Canadian Centre for Climate (Modelling and Analysis) (Canada)
Community Climate Model
Carbon Cycle Model Linkage Project
Cloud Condensation Nuclei
Centre for Climate System Research (Japan)
European Centre for Research and Advanced Training in Scientific Computation (France)
Climate Impact Assessment Program
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CLIMAP
CLIMBER
CLIMPACTS
CMAP
CMDL
CMIP
CNRM
CNRS
COADS
COHMAP
COLA
COSAM
COSMIC
COWL
CPC
CRF
CRU
CRYOSat
CSG
CSIRO
CSM
CTM
DARLAM
DDC
DGVM
DERF
DIC
D1F
DKRZ
DMS
DMSP
DNM
DOC
DOE
DORIS
DRF
DTR
DYNAMO
EBM
ECHAM
ECMWF
ECS
EDGAR
EISMINT
EMDI
EMIC
ENSO
EOF
EOS
ERA
ERB
ERBE
ERBS
ESCAPE
ESMR
EURECA
FACE
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Climate: Long-range Investigation, Mapping and Prediction
Climate-Biosphere Model
Integrated Model for Assessment of the Effects of Climate Change on the New Zealand Environment
CPC Merged Analysis of Precipitation
Climate Monitoring and Diagnostics Laboratory of NOAA (USA)
Coupled Model Intercomparison Project
Centre National de Recherches M6t8orologiques (France)
Centre National de la Recherche Scientifique (France)
Comprehensive Ocean Atmosphere Data Set
Co-operative Holocene Mapping Project
Centre for Ocean-Land-Atmosphere Studies (USA)
Comparison of Large-scale Atmospheric Sulphate Aerosol Model
Country Specific Model for Intertemporal Climate
Cold Ocean Warm Land
Climate Prediction Center of NOAA (USA)
Cloud Radiative Forcing
Climatic Research Unit of UEA (UK)
Cryosphere Satellite
Climate Scenario Generator
Commonwealth Scientific and Industrial Research Organisation (Australia)
Climate System Model
Chemistry Transport Model
CSIRO Division of Atmospheric Research Limited Area Model
Data Distribution Centre of IPCC
Dynamic Global Vegetation Model
Dynamical Extended Range Forecasting group of GFDL (USA)
Dissolved Inorganic Carbon
December, January, February
Deutsche KlimaRechenZentrum (Germany)
Dimethylsulfide
Defense Meteorological Satellite Program
Department of Numerical Mathematics (Russia)
Dissolved Organic Carbon
Department of Energy (USA)
Determination d'Orbite et Radiopositionnement IntEgrBs par Satellite
Direct Radiative Forcing
Diurnal Temperature Range
Dynamics of North Atlantic Models
Energy Balance Model
ECMWFMPI AGCM
European Centre for Medium-range Weather Forecasting
Effective Climate Sensitivity
Emission Database for Global Atmospheric Research
European Ice Sheet Modelling initiative
Ecosystem Model/Data Intercomparison
Earth system Models of Intermediate Complexity
El Nino-Southem Oscillation
Empirical Orthogonal Function
Earth Observing System
ECMWF Reanalysis
Earth Radiation Budget
Earth Radiation Budget Experiment
Earth Radiation Budget Satellite
Evaluation of Strategies to Address Climate Change by Adapting to and Preventing Emissions
Electrically Scanning Microwave Radiometer
European Retrievable Carrier
Free Air Carbon-dioxide Enrichment
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FAO
FCCC
FDH
FF
FPAR
FSU
GASP
GCIP
GCM
GCOS
GCR
GDP
GEBA
GEIA
GEISA
GEWEX
GFDL
GHCN
GHG
GIM
GISP
GISS
GISST
GLOSS
GOALS
GPCP
GPP
CPS
GRACE
GRIP
GSFC
GSWP
GUAN
GWP
HadCM
HIRETYCS
HITRAN
HLM
HNLC
HRBM
IAHS
IAP
IASB
IBIS
ICESat
ICSI
ICSU
IGAC
IGBP
IGCR
g{DP
IMAGE
IN
INDOEX

Food and Agriculture Organisation (UN)
Framework Convention on Climate Change
Fixed Dynamical Heating
Fossil Fuel
Plant-absorbed Fraction of Incoming Photosynthetically Active Radiation
Former Soviet Union
Global Assimilation and Prediction
GEWEX Continental-scale International Program
General Circulation Model
Global Climate Observing System
Galactic Cosmic Ray
Gross Domestic Product
Global Energy Balance Archive
Global Emissions Inventory Activity
Gestion et Etude des Informations Spectroscopiques Atmospheriques
Global Energy and Water cycle Experiment
Geophysical Fluid Dynamics Laboratory (USA)
Global Historical Climate Network
Greenhouse Gas
Global Integration and Modelling
Greenland Ice Sheet Project
Goddard Institute for Space Studies (USA)
Global Sea Ice and Sea Surface Temperature
Global Sea Level Observing System
Global Ocean-Atmosphere-Land System
Global Precipitation Climatology Project
Gross Primary Production
Global Positioning System
Gravity Recovery and Climate Experiment
Greenland Ice Core Project
Goddard Space Flight Centre (USA)
Global Soil Wetness Project
GCOS Upper Air Network
Global Warming Potential
Hadley Centre Coupled Mode]
High Resolution Ten-Year Climate Simulations
High Resolution Transmission Molecular Absorption Database
High Latitude Mode
High Nutrient Low Chlorophyll
High Resolution Biosphere Model
International Association of Hydrological Science
Institute of Atmospheric Physics (China)
Institut d'Aftonomfe Spatiale de Belgique (Belgium)
Integrated Biosphere Simulator
Ice, Cloud and Land Elevation Satellite
International Commission on Snow and Ice
International Council of Scientific Unions
International Global Atmospheric Chemistry
International Geosphere Biosphere Programme
Institute for Global Change Research (Japan)
International Human Dimensions Programme on Global Environmental Chang<
Integrated Model to Assess the Global Environment
Ice Nuclei
Indian Ocean Experiment

10C

Intergovernmental Oceanographic Commission

IPCC

Intergovernmental Panel on Climate Change

IPO

Interdecadal Pacific Oscillation
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IPSL-CM
ISAM
ISCCP
ISLSCP
ITCZ
IUPAC
JGOFS
JJA
JMA
JPL
KNMI
LAI
LASG
LBA
LGGE
LGM
LLNL
LMD
LOSU
LPJ
LSAT
LSG
LSP
LT
LWP
MAGICC
MAM
MARS
MGO
MJO
ML
MLOPEX
MODIS
MOGUNTIA
MOM
MOZART
MPI
MRI
MSLP
MSU
NADW
NAO
NARE
NASA
NBP
NCAR
NCC
NCDC
NCEP
NDVI
NEP
NESDIS
NIC
NIED
NIES
NMAT

Institut Pierre Simon Laplace/Coupled Atmosphere-Ocean-Vegetation Model
Integrated Science Assessment Model
International Satellite Cloud Climatology Project
International Satellite Land Surface Climatology Project
Inter-Tropical Convergence Zone
International Union of Pure and Applied Chemistry
Joint Global Ocean Flux Study
June, July, August

Japan Meteorological Agency (Japan)
Jet Propulsion Laboratory of NASA (USA)
Koninklijk Nederlands Meteorologisch Instituut (Netherlands)
Leaf Area Index
State Key Laboratory of Numerical Modelling for Atmospheric Sciences and Geophysical Fluid Dynamics
(China)
Large-scale Biosphere-atmosphere Experiment in Amazonia
Laboratoire de Glaciologie et Geophysique de I'Environnement (France)
Last Glacial Maximum
Lawrence Livermore National Laboratory (USA)
Laboratoire de M616orologie Dynamique (France)
Level of Scientific Understanding
Land-Potsdam-Jena Terrestrial Carbon Mode)
Land Surface Air Temperature
Large-Scalc Geostrophic Ocean Model
Land Surface Parameterisation
Lifetime
Liquid Water Path
Model for the Assessment of Greenhouse-gas Induced Climate Change
March, April, May
Multivariate Adaptive Regression Splines
Main Geophysical Observatory (Russia)
Madden-Julian Oscillation
Mixed Layer
Mauna Loa Observatory Photochemistry Experiment
Moderate Resoluting Imaging Spectroradiometer
Model of the General Universal Tracer Transport in the Atmosphere
Modular Ocean Model
Model for Ozone and Related Chemical Tracers
Max-Plank Institute for Meteorology (Germany)
Meteorological Research Institute (Japan)
Mean Sea Level Pressure
Microwave Sounding Unit
North Atlantic Deep Water
North Atlantic Oscillation
North Atlantic Regional Experiment
National Aeronautics and Space Administration (USA)
Net Biome Production
National Center for Atmospheric Research (USA)
National Climate Centre (China)
National Climatic Data Center of NOAA (USA)
National Centers for Environmental Prediction of NOAA (USA)
Normalised Difference Vegetation Index
Net Ecosystem Production
National Environmental Satellite, Data and Information Service of NOAA (USA)
National Ice Centre of NOAA (USA)
National Research Institute for Earth Science and Disaster Prevention (Japan)
National Institute for Environmental Studies (Japan)
Night Marine Air Temperature
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NMHC
NOAA
NPP
NPZD
NRC
NRL
NWP
OC
OCMIP
OCS
OGCM
OLR
OPYC
OxComp
PC
PCM
PDF
PDO
PEM
PFI'
PGR
PhotoComp
PICASSO
PIK
PILPS
PfUB
PMIP
PNA

Non-Methane Hydrocarbon
National Oceanic and Atmospheric Administration (USA)
Net Primary Production
Nutrients, Phytoplankton, Zooplankton and Detritus
National Research Council (USA)
Naval Research Laboratory (USA)
Numerical Weather Prediction
Organic Carbon
Ocean Carbon-cycle Model Intercomparison Project
Organic Carbonyl Sulphide
Ocean General Circulation Model
Outgoing Long-wave Radiation
Ocean Isopycnal GCM
Tropospheric Oxidant Model Comparison
Principal Component
Parallel Climate Model
Probability Density Function
Pacific Decadal Oscillation
Pacific Exploratory Missions
Plant Functional Type
Post-Glacial Rebound
Ozone Photochemistry Model Comparison
Pathfinder Instruments for Cloud and Aerosol Spacebome Observations
Potsdam Institute for Climate Impact Research (Germany)
Project for the Intercomparlson of Land-surface Parameterisation Schemes
Physics Institute University of Bem (Switzerland)
Palaeoclimate Model Intercomparison Project
Pacific-North American

PNNL

Pacific Northwest National Laboratory (USA)

POC

Particulate Organic Carbon

POLDER
POPCORN
PSMSL
PT
QBO
RAMS
RCM

Polarisation and Directionality of the Earth's Reflectances
Photo-Oxidant Formation by Plant Emitted Compounds and OH Radicals in North-eastem Get
Permanent Service for Mean Sea Level
Perturbation Lifetime
Quasi-Biennial Oscillation
Regional Atmospheric Modelling System
Regional Climate Model

RIHMI

Research Institute for Hydrometeorological Information

SAGE

Stratospheric Aerosol & Gas Experiment

SAR
SAT
SBUV
SCAR-B
SCE
SCENGEN
SCSWP
SDD
SDGVM
SEFDH
SHEBA
SHI
SIMIP
SIO
SLP
SMMR
SOA
SOC

IPCC Second Assessment Report
Surface Air Temperature
Solar Backscatter Ultra Violet
Smoke Cloud and Radiation-Brazil
Snow Cover Extent
Scenario Generator
Small-scale Severe Weather Phenomena
Statistical Dynamical Downscaling
Sheffield Dynamic Global Vegetation Model
Seasonally Evolving Fixed Dynamical Heating
Surface Heat Balance of the Arctic Ocean
State Hydrological Institute (Russia)
Sea Ice Model Intercomparison Project
Scripps Institution of Oceanography (USA)
Sea Level Pressure
Scanning Multichannel Microwave Radiometer
Secondary Organic Aerosol
Southampton Oceanography Centre (UK)
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SOHO
SOI
SOLSTICE
SON
SONEX
SOS
SPADE
SPARC
SPCZ
SRES
SSM/T-2
SSM/I
SST
SSU
STRAT
SUCCESS
SUNGEN
SUSIM
TAR
TARFOX
TBFRA
TBO
TCR
TEM
TEMPUS
THC
TMR
TOA
TOMS
TOPEX/POSEIDON
TOVS
TPI
TRIFFID
TSI
UARS
UCAM
UCI
UD/EB
UEA
UGAMP
U10
UIUC
UKHI
UKMO
UKTR
ULAQ
UM
UNEP
UNESCO
UNFCCC
USSR
UTH
UV
UVic
VIRGO
VLM

Appet
Solar Heliospheric Observatory
Southern Oscillation Index
Solar Stellar Irradiance Comparison Experiment
September, October, November
Subsonic Assessment Program Ozone and Nitrogen Oxide Experiment
Southern Oxidant Study
Stratospheric Photocbemistry, Aerosols, and Dynamics Expedition
Stratospheric Processes and Their Role in Climate
South Pacific Convergence Zone
IPCC Special Report on Emission Scenarios
Special Sensor Microwave Water Vapour Sounder
Special Sensor Microwave/Imager
Sea Surface Temperature
Stratospheric Sounding Unit
Stratospheric Tracers of Atmospheric Transport
Subsonic Aircraft Contrail and Cloud Effects Special Study
State University of New York at Albany/NCAR Global Environmental and Ecological Simulation of
Interactive Systems
Solar Ultraviolet Spectral Irradiance Monitor
IPCC Third Assessment Report
Tropospheric Aerosol Radiative Forcing Observational Experiment
Temperate and Boreal Forest Resource Assessment
Tropospheric Biennial Oscillation
Transient Climate Response
Terrestrial Ecosystem Model
Sea Surface Temperature Evolution Mapping Project based on Alkenone Stratigraphy
Thennohaline Circulation
TOPEX Microwave Radiometer
Top of the Atmosphere
Total Ozone Mapping Spectrometer
US/French Ocean Topography Satellite Altimeter Experiment
Television Infrared Observation Satellite Operational Vertical Sounder
Trans Polar Index
Top-down Representation of Interactive Foliage and Flora Including Dynamics
Total Solar Irradiance
Upper Atmosphere Research Satellite
University of Cambridge (UK)
University of California at Irvine (USA)
Upwelling Diffusion-Energy Balance
University of East Anglia (UK)
University Global Atmospheric Modelling Project
Universitetet I Oslo (Norway)
University of Illinois at Urbana-Champaign (USA)
United Kingdom High-resolution climate model
United Kingdom Met Office (UK)
United Kingdom Transient climate experiment
Universita degli studi dell'Aquila (Italy)
Unified Model
United Nations Environment Programme
United Nations Education, Scientific and Cultural Organisation
United Nations Framework Convention on Climate Change
Union of Soviet Socialist Republics
Upper Tropospheric Humidity
Ultraviolet radiation
University of Victoria (Canada)
Variability of Solar Irradiance and Gravity Oscillations
Vertical Land Movement
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VOC
WAIS
WASA
WAVAS
WBCs
WCRP
WMGGs
WMO
WOCE
WP
WRE
YONU

Volatile Organic Compounds
West Antarctic Ice Sheet
Waves and Storms in the North Atlantic
Water Vapour Assessment
Western Boundary Currents
World Climate Research Programme
Well-Mixed Greenhouse Gases
World Meteorological Organization
World Ocean Circulation Experiment
Western Pacific
Wigley, Richels and Edmonds
Yonsei University (Korea)
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Units

SI (Systeme Internationale) Units:

Physical Quantity

Name of Unit

Symbol

length
mass
time
thermodynamic temperature
amount of substance

metre
kilogram
second
kelvin
mole

in
kg
s
K
moll

Fraction

Prefix

Symbol

Multiple

Prefix

Symbol

10-1

deci

d

centi
milli

c
in

deca
hecto

da

10-1
10-1

10
102

W

micro
nano

µ
n

103
106

kilo
mega

Pico
femto

p
f

109
10'2
l015

giga
tera

W
lo-tz
10-15

peta

h
k
M
G
T
P

Special Names and Symbols for Certain SI-Derived Units:
Physical Quantity

Name of SI Unit

Symbol for SI Unit

Definition of Unit

force

newton

N

kg in s 2
kg m' sz(= N m'-)
kg m2 s'-

pressure
energy

pascal

Pa

joule

power

watt

frequency

hertz

J
W
Hz

kg m2 s}(_] st)
s1 (cycles per second)
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Decimal Fractions and Multiples of SI Units Having Special Names:

Physical Quantity

Name of Unit

Symbol for Unit

Definition of Unit

length

Angstrom
micron

A
µm

area
force

hectare

Its
dyn

10-10 m= IV cm
10'b m
10° m2
Ip-s N

pressure

but
millibar

length

pressure
mass

dyne

105 N m-2 = 105 Pa

tonne

bar
mb
t

102 N m-1 = I hPa
103 kg

mass

gram

g

10-3 kg

column density

Dobson units

DU

streamfunction

Sverdrup

Sv

2.687x1016 molecules cm -1
106 MI sI

NonSI Units:
°C

degree Celsius (0'C = 273 K approximately)

ppmv

Temperature differences are also given in °C (=K) rather than the more correct form of "Celsius degrees".
parts per million (106) by volume

ppbv
pptv
yr

pans per billion (109) by volume

Icy
bp

thousands of years
before present

parts per trillion (1012) by volume
year

The units of mass adopted in this report are generally those which have come into common usage and have deliberately not
been harmonised, e.g.,
GtC
PgC
MtN
TgC
Tg(CH4)
TgN
TgS

gigatonnes of carbon (I GtC = 3.7 Gt carbon dioxide)
petagrams of carbon (I PgC = I GtC)
megatonnes of nitrogen
teragrams of carbon (I TgC = I MtC)
teragrams of methane
teragrams of nitrogen
teragrams of sulphur
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Some chemical symbols used in this report

C
Ca
CaCO3
CCIa
CF4
CzFb
C3Fy
CaFe
CaF'w
CeFiz
CsFta
CFC
CFC-11
CFC-12
CFC-13
CFC-113
CFC-114
CFC-11S
CF3I
CHa

C2H6
C5118

CA
C7He
CtnH16

CH3tBr
CH3CC13
CHCI3
CHZCIZ
CH,CI
CH3OCH3
CO
CO,
C032DIC

carbon (there are three isotopes: 12C, t'C, 14C)
calcium

calcium carbonate
carbon tetrachloride
perfluoromethane
perfluoroethane
perfluoropropane
perfluorocyclobntane
pedtuorobufane
perfluoropentane
perFluorohexane
chlorofluorocarbon
CFCh (trichlorofluoromethane)
CF2Cb (dichlorodifluoromethane)
CF3C1 (chlorotrifluoromethane)
CF,CICFCIz (trich]orotrifluoroethane)
CFzCICFzCI (dichlorotetraFluoroethane)
CF3CF2Ct (chloropentafluoroethane)
trifluoroiodomethane
methane
ethane
isoprene
benzene
toluene
terpene
methylbromide
methyl chloroform
chloroform/irichloromethane
dichloromethane/methylene chloride
methylchloride
dimethyl ether
carbon monoxide
carbon dioxide
carbonate ion
dissolved inorganic carbon

DOC
H2
halon-1211
halon-I301
halon-2402
HCFC
HCFC-21
HCFC-22
HCFC-123
HCFC-124
HCFC-141b
HCFC-142b
HCFC-225ca
HCFC-225cb
HCFE-235da2
HCO;
HFC
HFC-23
HFC-32
HFC-41
HFC-125
HFC-134
HFC-134a
IIFC-143
HFC-143a
HFC-152
HFC-152a
HFC-161
HFC-227ea
RFC-236cb
HFC-236ea
HFC-236fa
HFC-245ca
HFC-245ea
HFC-245eb

dissolved organic carbon
hydrogen
CF,CIBr
CF3Br
CF2BrCFzBr
hydrochlorofluorocarbon
CHC12F
CHFZCI
C,F3 HCI2
CF3CHCIF
CH3CFCI2
CH3CF2Cl
CF3CF2CHCI2
CCIF2CF2CHCIF
CF3CHCIOCHF2
bicarbonate ion
hydrofluorocarbon
CHF3
CHZF,
CH}F
CHFZCF3
CHF,CHFZ
CF3CH2 F
CH2F CHF2
CH3CF3
CH2FCH2F
CH3CHF2
CH3CH,F
CF^,CHFCF3
CF}CF2CH2F
CF3CIFCHF,
CF3CHzCF3
CH,FCF,CHFZ
CHF,CHFCHF,
CF;CHFCH2F
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HFC-245fa
HFC-263fb
HFC-338pcc
HFC-356mcf
HFC-356mff
HFC-365mfc
HFC-43-10mee
HFC-458rnfcf
HFC-55-10mct1'
HFE-125
HFE-134
HFE-143a
HFE-152a
HFE-227ea
HFE-236ea2
HFE-236fa
HFE-245cb2
HFE-245fa1
HFE-245fa2
HFE-25402
HFE-263W
HFE-329mcc2
HFE-338mct2
HFE-347mcc3
RYE-347mct2
HFE-356mec3
HFE-356mff2
HFE-356pcc3
HFE-356pef2
HFE-356pef3
HFE-365mcf3
HFE-374pc2
HFE-7100
HFE-7200
HFOC-125

CHF,CH2CF3
CF3CH2CH3
CHF,CFZCF,CF,H
CF3CFzCH2CH2F
CF3CH,CH2CF3
CF3CH2CF2CH3
CF3CHFCHFCF,CF3
CF,CH,CFzCH>CF,
CF3CF2CH2CH2CF2CF3
CF3OCHF2
CF2HOCF2H
CF3OCH3
CH3OCHF2
CF3CHFOCF3

HFOC-134
HFOC-143a
HFOC-152a
HFOC-245fa
HFOC-356mmf
HG-01
HG-10
H-Galden 1040x
HNO3

HO2
HO,
H2O
H,SOa
N2

CF2HOCF2H
CF3OCHi
CH3OCHF2
CHF2OCH2CF3
CF3CHZOCH2CF3
CHF,OCF2CF20CHF2
CHF,OCF2OCHF,
CHF2OCF2OC2F4OCHF,
nitric acid
hydroperoxyl
the sum of OH and HO2
water vapour
sulphuric acid
molecular nitrogen

CF3CHFOCHF2
CF;CH1OCF3
CF3CF2OCH3
CHF2CH=OCF3
CHF2OCHzCF3
CHFZCFzOCH3
CF3CHzOCH3
CF3CF,OCFZCHF,
CF3CF2OCH2CF3
CF,CF,CFzOCHj
CF3CF¢OCH2CHF2
CF3CHFCF2OCH3
CF3CH2OCH2CF3
CHFzCF2CF2OCH3
CHF,CF,OCHzCHF,
CHF,CF,CHzOCHF,
CF}CF2CH2OCH3
CHF2CF2OCH2CH3

NF3
NH3

nitrogen trifluoride

NH4*
NMHC
NO

ammonium ion
non-methane hydrocarbon
nitric oxide
nitrogen dioxide
nitrogen oxides (the sum of NO and NO2)

03
OCS
OH
PAN
PFC
SF6
SFSCFl

nitrate radical
nitrate ion
nitrous oxide
molecular oxygen
ozone
organic carbonyl sulphide
hydroxyl radical
peroxyacetyl nitrate
per0uorocarbon
sulphur hexaFluoride
trifluoromethyl sulphur pentafluoride

C4F9OCH3
CaFyOC2H5
CF3OCHF2

SO2
SO 2VOC

sulphur dioxide
sulphate ion
volatile organic compounds

NO2
NOx
NO3
NO37
N3O
OZ

ammonia
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Index
1 Term also appears in Appendix I: Glossary.
Numbers in italics indicate a reference to a table or diagram.
Numbers in bold indicate a reference to an entire chapter.
A

sea salt

Absorption

size distribution

anomalous

433

Aerosol(s)t

93,289-348

biogenic
black catbont

299,300-303,312,331
294, 299-300, 306, 314, 332-334, 369-372, 395,

297-299, 314, 320, 332, 374
294, 369

soil dust - we Aerosols, mineral dust
sources and sinks

295-307. 330-335

stratospheric

304,379-380,395

sulphates

314,320,324,367-369,375-377,378,395,397,

397, 400-002

400-402,548,593-596

carbonaceousi 299-300, 314, 369-372, 377-378, 395, 397, 400-002

trends - we Aerosol(s), concentration(s) past and current

cloud condensation nuclei (CCN)

uncertainties

309-310

concentration(s) past and current
direct effect
effect on clouds

306

293-295, 304, 322-324, 367-374,400-404
307-312, 324-325, 328-330, 379, 395, 397-399,
404

from biomass burning

from fossil fuel burning

322-324,328-330,334-335,374,395,404

volatile organic compounds (VOC)
volcanic

300, 331
303-304, 379-380

Afforestattoni - see Forests
Agriculture

299-300, 309, 322, 323, 324, 395, 397,

CHa sources and sinks

400-402

CO2 sources and sinks

194

299-300,301, 322,323,369-372

Nz0 sources and sinks

251

248

future concentmtion(s)

330-335

Aircraft

259-260,262,263,296,312,366-367,391,395,399

ice nuclei (IN)

311-312

Albedo`

380,425,429,434,443-446,448

indirect e(fecl(s)t

293-295, 307-312, 324-330, 375-379, 395

industrial dust
interactions with tropospheric ozone and OH
lifetimes

single scattering

291, 306

299

Ammonia

277

Antarctic ice sheet - see Ice sheets

293,295

246,267, 260, 278, 296, 303, 330, 332

Antarctic Oscillation

mineral dust 296-297, 314, 320, 331-332, 372-373, 378, 395, 397

92, 154,568-570
Anthropogenic climate forcing - we Radiative forcing

modelling

313-330, 781-782

Arctic Oscillation

nitrates

303, 332-334, 373

Artificial Neural Network

observations

304-306, 314-318, 374, 378-379

optical properties

293-295, 295, 318-322, 367-373

organic

299-300, 306, 314, 320,370-372

precursors
radiative forcing from

295, 300-303
322-324, 328-330, 367-380, 391-399,

400-404
scenarios of futurc emissions - we also IS92 and

SRES scenarios

153.568-570
591,618

Atmosphere
definition

87-88

Atmosphere ocean general circulation models (AOGCMs)
- we Climate modelling

Atmosphere/ocean interaction - see also El Nifw-Southem
Oscillation

436, 449-451

Atmospheric Boundary Layer - see Boundary Layer

330-335

Atmospheric chemistry

239-287
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278

impacts of climate change
modelling

213

Terrestrial Biogeochemical Models (TBMs)

feedbacks - see Feedbacks, chemical

terrestrial carbon processes

191-197,779

264-266, 267-271, 277-278.781

Carbon dioxide (CO2t

183-237

267-277

and land-use change

193-194, 204-205,212-213, 215, 224

possible future changes

97,715

Atmospheric ciretdation

concentration(s) past and current

185, 187,201-203, 205-208
202-203

observed changes

103, 150-154

during ice age cycles

projections of future changes

565-570, 602

enhancing ocean uptake by iron fertilisation

435

regimes

87-88, 92 93

Atmospheric composition

equivalent- see Equivalent carbon dioxide (COZ)
195-196, 219

fenilisation`

204, 205. 224

from fossil-fuel burning

Attribution of climate change - see Detection and

186. 219-224

future concentration

attribution of climate change

395

Aviation induced cirnis

198, 200, 202

201-202

geological history

388

Global Warming Potential (GWP)

208-210

intetannual variability of concentrations

B

749-750

Baseline climatological data

208

missing sink

Biogenic aemsol(s) - see Aerosol(s)

radiative forcing from

Biological pump - see Carbon cycle

scenarios of future emissions

Biomass burning - see also Aerosols, from biomass burning 257-258,

sources and sinks

356-357, 358-359, 39I-396
- 219-224
192.193-194,195-197,199.204-208,

210-213, 215, 216-218, 224

262, 296, 299, 300, 322, 323, 361, 372, 377

210-212

spatial distribution

Biospheret
marine

89, 197-198, 200

terrestrial

89, 191-I97,456

Black carbon aerosol(s) - see Aerosol(s)

224

stabilisation of concentration

trends - see Carbon dioxide, concentration(s) past and current
. 207,216-218,248

Carbon isotopes
154,506,566-567

Blocking

137

Bblling-Aller"od warm period

130, 132

Borehole measurements (of temperature)

428-429, 441

Boundary-layer

256, 365-366, 387-390

Carbon monoxide (CO)
Carbonaceous aerosol(s) - see Aerosol(s)

255, 357-359

CFCs

Chemical transport models - see Atmospheric chemistry, modelling

Budget of greenhouse gases - see Greenhouse gases

Climatet

C

Climate changei

87

definition

Calcium carbonate (COI )

198, 199, 200, 202, 203, 216, 224
617

Canonical Correlation Analysis

185,205-208

Carbon budget

183-237, 777-779

Carbon cycle}

197-198,778

biological pump

224

carbon management

Dynamic global vegetation models (DGVMs)

213,219
196-197, 215

effects of nitrogen deposition
feedbacks

detection and attribution - we Detection and attribution
of climate change

91, t86,194-195,200,208-210,219-220,224

531-536, 675-679

Climate change commitment

Climate change signals - see also Detection and attribution
of climate change

532-536, 538-540, -543-554,565-570,

593-603,607, 613-615, 622-623, 664-666, 757-759

191-193, 197-199

description

87

definition

92,432

Climate extremes
modelling -see Climate modelling
observed changes

97, 103-104, 155-163, 575, 774-775

inverse modelling

210-212

pmjmtions of future changes 570-576,602-603,606,6t5,774-775

model evaluation

213-218

representation in climate scenarios - sce Climate scenarios

213-218, 219-224,443

modelling

197-200,216, 778

ocean carbon processes

216-218

ocean models
response to climate change

186, 194, 200, 215- 219-220

response to increasing COZ

185-186,195-196,199,219-220

Climate forcing - see Radiative forcing
Climate modelling
atmospheric circulation
boundary layer

435
428-429

simplified fast carbon cycle models

221

427-431,484.775-776
cloud processes and feedbacks
511-512,
531-532,
567-568, 570-576,
confidence in models

soil carbon

191

587, 591, 664-666, 772-782

875
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509-511,603-607,774

dependence on resolution

476

Earth System models

577, 670-673

Energy Balance Models

503-504-567-568

ENSO

471-523,591-593,603-607,760

evaluation

508, 573

extra-tmpical storms

432,499-500,503-509,570-576,

extreme events

592-593, 604, 610-613, 774-775
94, 449-450,476-479, 530-532,773

flux adjustment

94-95,475,

General Circulation Models (GCMs), description

476-479
476, 773

initialisation

448-449, 615, 652-653

land ice
land surface

440-043,490-493,493-496,570-572,779-781
505-506

Madden-Jullian Oscillation (MJO)

479-084, 548, 592

mean sea level pressure

530-531

mixed layer models

484, 505, 568, 572-573, 612-613

monsoons

506,568-570,573,715

North Atlantic Oscillation

mean processes, circulation and feedbacks 421, 435-440,486489,
493, 561-565, 646-647

94-95

Climate modelst - see also Climate modelling

587,589-590,603-607
479-512

high resolution
intercomparison

587, 590, 607

nested

475-476

types

587,589-590,603-607

variable resolution
Climate projectioni - we Climate modelling

94,532-534,559-565,705-712

Climate response

563-565

time-scales
to anthropogenic forcing- we Detection and attribution
of climate change
to natural forcing - we Detection and attribution of
climate change
transient

533, 538-540. 561-562, 593596, 600
739-768

Climate scenarios'

748

analogue
application to impact assessment

743-745,752
749-751

baseline climate

743-744

definition

748-759,750-751

derived from climate models

749

expert judgement

orographic processes

435

inconsistencies

760-761

Pacific North American (PNA) pattern

506

incremental

746-748

94,427-432,436438, 440-443

parametrization

431-432,479-484, 572-573,

precipitation processes

591-592, 604, 610
94-96, 476-479, 532-536,588-591, 593-603,
617-618, 622-623, 666-679

525-582, 607,
613-615, 666-679
432-434

radiative processes

445-446, 489, 543, 548

sea ice

94-95, 475-476- 531-532, 533, 554-558,

simple climate models

577, 646-647, 670-673, 749
496-498, 502-503, 592

simulation of 20th century climate

weather generators

equilibrium

439, 439440, 486-488, 562-563, 565,

uncertainties

492-493.511-512, 531-532, 536,554-558,
567-568, 577, 591, 6f)1-602, 755-756, 772-782

variability

432,499-500,503-509,534-536,538-540,
565-570, 592-593, 604. 610-613

water vapour and water vapour feedback

424, 425 426,484

92-97

modelling - see Climate modelling

projections of future changes

89-92, 702-705
155-163
565 570,602-603, 615

representation in climate scenarios - see Climate scenarios
Cloud condensation nuclei (CCN)t - we Aerosol(s), cloud

577,776-777
508-509,574,606,774-775

87-89
452 453

human-induced

snow

479-084, 591-592, 604, 610

87-89

Climate variabilityt

observed changes

434-435, 484-486

85-98

description

natural

tropical cyclones

534,559-562, 577

93, 530-531, 532-536, 559-561. 577

components

493-496

thermohaline circulation

353-355,596,755-756

Climate systemf

543,548

temperature

752-755
617, 619-620, 750, 753

Climate sensit)vityt

simulation of past climates

stratospheric climate

759-760

risk assessment

effective

projections of future climate: results (see also entries
for individual variables and phenomena)

745,755-760

representing uncertainty

variability and extremes

projections of future climate: description
of methods

756-757

pattern scaling

condensation nuclei
Cloud/radiative feedback(s) - see Clouds, processes and feedbacks
Clouds
influcncc of acrosal(s) on - we Aerosol(a)
modelling - we Climate modelling
observed changes
processes and feedbacks

103, 148-149
90, 91- 421, 423-431
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EI Nino- see © Nino-Southem Oscillation

radiative forcing - see also Aerosol(s), indirect

429-031, 430

forcing and effect on clouds

El Nino-Southern Oscillation (ENSO)t

379, 395, 399

Contrails

influence on climate

Convection
oceanic
Corals
Cosmic rays (effect on clouds)

152-153, 453-455, 567-568, 588

436-437

modelling - see Climate modelling

130, 131

observed changes

384-385

projections of future changes

97,103,139-140, 141, 150,154
567-568
754

representation in climate scenarios

Coupled ocean/atmosphere models - see Climate modelling
Cryosphere'

456

definition

88,444-449
444-449

processes and feedbacks

208-210

109,121,123,130,143-145, 148, 151,

428

atmospheric

92, 454-455, 456

and behaviour of carbon cycle

Emission scenarios'- see IS92 and SRES scenarios

Energy Balance Model - see Climate modelling
534-536, 543-554,

Ensembles of climate integrations

593-596, 602, 774
Equilibrium climate changet

D
137, 140-141, 203

Dansgaard-Oeschger events
Deforestatiant

192, 191, 194,204-205, 212-213

530, 533

definition

533,761

Equivalent carbon dioxide (CO2)'

643, 654-656,661

Eustasv`

CO2 released from - see Carbon dioxide
97,695-738

Detection and attribution of climate change

Evaporation

conclusions
definition(s)

730-731

External variability (of climate system)

700-701

Extra-tropical cyclones

hydrological indicators
observed data

715

observed changes

701

projections of future changes

optimal methods - see Optimal detection of climate change

91

modelling - sec Climate modelling

702-705,713, 729

estimates of internal variability

148

observed changes

715

circulation patterns

161, 664
573,602-607,675

Extreme esrentst- see Climate extremes

718-721

pattern correlation methods
qualitative comparison of observation with models

713-716

F
91, 93, 275, 417-070

Feedback(s)t

response to anthropogenic forcing

711-712,729

response to natural forcing

708-709, 729

carbon cycle - see Carbon cycle, feedbacks

uncertainties

725-727, 729

chemical

using horizontal temperature patterns

711-712,714,719-720
709, 714, 716-718

using temperature time-series

71 1, 714-715, 720-721

using verucal temperature patterns

301, 331

Dimelhylsulphide (DMS)r

619-621
587, 591,616-621

empirical/statistical

619-620

issues

616-617,619-620

predictors and predictands
statistical/dynamical

587, 591, 616-621, 751-752

Drought
observed changes

cloud - see Clouds, processes and feedbacks
445-446

ice albedo
land ice - we Land ice, processes and feedbacks
land surface - see Land surface, feedbacks
ocean - see Ocean processes and feedbacks

Diurnal lemperature range (DTR) - see Temperature
Downscaling

245 246, 247, 278

572-573, 603, 615
143-145, 161-162

sea ice - see Sea ice, processes and feedbacks
temperature/moisture - see Tempemturclmoisture feedback
water vapour - see Water vapour, feedback
Fingerprint methods -see optimal detection of climate change
Flux adjushnentt- see Climate modelling
Forcing - see Radiative forcing

192. 193, 204-205, 212-213

Forestst

204, 205, 248, 251-252. 257-258,

I1ust- see Aerosol(s)

Fossil fuel burning

E

Framework Convention on Climate Changet - see United

259-260,296,299-301,322,323
Nations Framework Convention on Climate Change

Earth System Models - see Climate modelling

Fenian

137, 141

El Chichon

107, 121

Future climate - see Climate modelling and entries under
individual variables and phenomena
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C

I

General circulation models ( GCMs)t - see Climate modelling

Ice age(s)

Glaoalfinterglacial cycles - see Ice ages

Ice caps;

Glacierst

647-650, 680

mass balance

102,)27-129,133-)35,138,153,647-649,665

projections of future changes

667-668, 677

Global energy balance

CO2 measurements from

202-203

methane measurements fmm

249,250
253

nitrous oxide measurements from

90

Global Warming Potential (G WP)',

647-650, 665, 667-668, 677, 680
131,137

Ice cores

647-649

observed changes

136-142,136,654-656

133,249

temperature derived from

385-391

Ice nuclei

Absolute (AGWP)

385-386

Ice sheets'

definition of

385-386

Antarctic

650-654,668-670,677-680

direct

386-387

Greenland

650-654, 668-670,677-680

indirect

387 391

mass balance

net

391

values of

386-391

Greenhouse effect'

311-312
448-449. 648,665

650-652

Ice shelves ,

125-126, 650-654, 678-679

Ice thickness

102, 126-127

Industrial dust - see Aerosol(s)

description

89-90,93

enhanced

93

Greenhouse gases} - we also entries under
individual gases

243, 246-247

definition of lifetime

inverse modelling
LS92 scenarios

247

derivation of sink strength
derivation of source strength

541

implications for future concentritions

356-359, 361-365, 391-395,

trends

266

implications for future climate

246

397.400402,709-711

95, 314, 330, 541

cmissions

246-247

radiative forcing from

91, 702-705, 713

Inverse modellingt (of carbon cycle) - see Carbon cycle,

89-90. 93, 183-237, 239-287, 391-396

budgets

89, 293, 297

Infrared (or long-wave) radiationt

Internal variability (of elimate system)t

219,222-223,274-275

implications for future radiative forcing

403-4(14

Isoslasy'

643, 654656, 661

246-247

Greenland ice sheet - we Ice sheets

Gross Primary Production (GPP) t
Groundwater

J
191, 197-198
657-658, 680-681

K
Kyoto Protocol

212-213,224,243

H
Hail

104, 162-163, 573

Halocarbonst

255, 357-359, 390-391

HCFCs

243, 244, 245, 253-254, 266, 358, 391

Heinrich events
Holocene

137, 140-141, 202
137, 138-140,141, 142,493495,654-656, 659-661

Human influence on climate - see Detection and attribution of

Global Warming Potential (GWP)
Hydrogen (Hz)
Hydrogen Sulphide (11yS)
Hydrological cycle

definition

129,163

Land ice - we also Glaciers, Ice sheets, Ice shelves and Ice caps
modelling - see Climate modelling
445, 448-449,596, 615
88-89
443-444

change - sce also Land-use change

257-258, 30D
253-254
388

modelling - see Climate modelling
processes and feedbacks
Land-use change'

256
296,303
142. 161-162.164. 421 779-781

Hydrospheret

Hydroxyl radical (DID

Lake ice

Land surface

Hurricanes - sce Tropical cyclones

HydroOuorocarbons(IFCs)

La Nina - see El Nino-Southern Oscillation

processes and feedbacks

climate change

Hydrocarbons

L

215,380,395,399-40(1,443,500-503,782-783
CO2 sources and sinks -see Carbon dioxide
last Glacial Maximum
Lateral Heat

88
263-266, 365

440-444, 493-496
93-94. 193-194, 204-205, 212-213,

137, 140, 495-496, 654-656
423, 431, 432, 445, 449-452, 454

Lifetime of greenhouse gases - see Greenhouse gases

Liquid Water Path

307-308, 310. 311
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102, 127, 133-136

Little Ice Age
M

505-506

Madden-Julian Oscillation

617

Markin, chain

radiative forcing from

357, 358-359

scenarios of future emissions

266-267

sources and sinks

251,252

ttends- we Nitrous oxide, concentration(s) past and current

Notrlinear climate processes'

91, 96, 455-456

Maximum temperature(s) - we Tempemtun:, maximum

Non-methane hydrocarbons (NMUC)

Medieval Climate Optimum - see Medieval Warm Period

North Atlantic Oscillation (NAO)t

102, 133-136

Medieval Warm Period

248-251

103, 117, 152-153

projection of future changes

568-570,573

247,250-251

adjustment time
atmospheric chemistry

248, 365

concentration(s) past and current

248-250
275

future concentration

244-245, 387, 389

Global Warming Potential (GWP)

247,365-366

indirect forcing

248-250

interannunl variability of concentrations

248, 250-251

lifetime
radiative forcing from

92,451-452, 456, 588, 715

modelling - we Climate modelling
observed changes

Mesostale eddies (in ocean) - see Ocean processes and feedbacks
Methane (Cfle)

257-258, 365-366, 391

357, 358-359, 391-396
266-267

scenarios of future emissions

0
Observations of climate and climate change - see also
Detection and attribution of climate change
96, 99-181

and entries for individual variables

Ocean circulation - see also Ocean processes and feedbacks
modelling -see Climate modelling

103

observed changes
Ocean heat transport - see Ocean processes and feedbacks
Ocean prrtc^ses and feedbacks

435440.493,583, 609. 644-6,47,680

circulation

4381439

heat transport

449-450

mid-Holocene - see Holocene

mesoscale eddies

437-438

Mid-latitude storms - see Extm-tropical cyclones

mixed layer

436

Minimum temperature(s) - we Temperature, minimum

mixing

437

Model - see Climate model

modelling - we Climate modelling

248

sources and sinks
trends - we Methane, concentration(s) past and current

451-452

Monsoons
modelling - see Climate modelling

152

observed changes
projections of future changes

568, 600, 602, 613-615

Montreal Protocoh

243, 255-256

ML Pinambo (eruption of)

Optimal detection or climate change

721-729

multiple fixed pattern studies

722-723

single pattern studies

721-722

using spatially and temporally varying patterns

723-728

Organic aerosol(s)' - see Aerosol(s)

MSU (Microwave Sounder Unit) - we also Temperature,
upper air

Ocean/atmosphere interaction - see atmosphere%cean interaction

119,122,145
107

Organic carbon - we also Aerosol(s)
Organic carbon aerosol(s) - we Aerosol(s)
Orography
OxComp

N
Natural climate forcing - see Radiative forcing
Net Ecosystem Production (NEP)i
Net Primary Production (NPP)r

Ozone (OxIl stratospheric
191
191, 197-198

Nitrogen fertilisationt - we Carbon cycle, effects of nitrogen deposition

Nitrous oxide (NzO)
concentration(s) past and current
future concentration

259-260,366,391
251-253, 391-396
252-253
275

Global Warming Potential (GWP)

244,388

interannual variability of concentrations

252-253

lifetime

future concentration
radiative forcing from

Nitrate (NO3) aetusol(s) - see Aerosol(s)

Nitrogen oxides (NO,)

depletion of

252

Ozone (O,r); tropospheric

435
267-268
255-256
256, 277-278, 359-361
361
359-361, 393, 400-402
260-263, 278

chemical processes

262

concentration past and current

262

future concentration
radiative forcing from
sources and sinks
Ozone holei - see Ozone, stratospheric
Ozone layert -see Ozone, stratospheric

272,275, 364-365
361-365, 393-395, 4001402
262
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P

Rapid climate changei- see also Non-linear climate

Pacific Decadal Oscillation (Pl)O)

150, 504 505

processes

96, 136,455-456

Pacific oscillation(s)

150,151-152

Reanalyses data

96, 120-121

Pacific-NorthAmerican (PNA)

152-153, 451-452

Palaeoclimate

101, 330-133,137,143-145,748

Palaeo-drought

Reforestation" - see Forests

593-602, 607,613-615

mean climate

PerOuororerbons (PFCs)

254

Regional climate change information

127, 444-445, 657-658, 665

Photochemistry

263-266

Photosynthesist

191,195,442

587-591, 622-623

methods of deriving

589-590, 607-616

Regional climate models (RCMs)

derivation of climate scenarios - see also Climate scenarios

Precipitation
extremes

602-603, 6A7, 615

climate variability and extremes

Parametrhationi- see Climate modelling

Permafrost

97, 5g3-638

Regional climate change

143-145

see Climate extremes

observed changes

587-588, 621-623

Regionalisation

101, 103-104, 142-145, 157-160, 163, 164, 575

processes

431-432

projections of future changes

609-613

simulation of current climate

modelling - see Climate modelling

538-540, 541-554. 566,572-573,

575,593-602,607,613-615,653-654,668-670
Predictability (of climate)

91, 95-96, 422-423

751

613-615

projection of future climate using

Resolution (of models) - sce Climate modelling and Climate models
Respirationt

191. 442

River flow

143,159-160
129, 163

River ice

444

Runoff

Projection or future climate - see Climate modelling and entries

under individual variables and phenomena

S
S Stabilisation profiles

224, 557-559
118,138

Salinity (of oceans)

Q

434

Quad-biennial Oscillation QBO)

Satellite altimeter observations of sea level
Satellites

R

663 664

120,123-125,145,147,148-149,163,380-381

Scenariusr- see Climate scenarios and SRES and IS92 scenarios

Radiative balance

89

Radiative forcingt - see also the entries for individual greenhouse
349d16

gases and aerosols
and climate response relationship

353-355,361.396,
400, 532-534, 706-712

anthropogenic

353, 356-359, 379, 391-396, 397-399,
400-404,532-534,554-558,577,709-711,729

definition of

90-91,353
405-406

description

Sea ice

445-448

Antarctic

124-127, 129, 448

Arctic

124-127, 129, 153. 445, 447-048, 777

modelling - see Climate modelling
observed changes

124-127, 129,446

processes and feedbacks,

445,446,596

Sea level

639-693

acceleration in sea level rise

663, 665-666

changes since last glacial period

654-656, 659-661

from land-use change - see land-use change

extremes

664,675

from volcanoes- see Volcanoes

observed changes over last 100 to 200 years

661-666

processes contributing to change

644-659

geographic distribution

396-400,711

global mean estimates

365-367, 375-379, 395, 397 399, 404

indirect
natural

391-396

89-91, 353, 379-380, 391-396, 400-402, 706-709, 729

solar - see Solar variability

projections of future changes

659, 673-674

scenarios

761

uncertainties

679-682

strengths/limitations of concept

355,396

Sea salt - see Aerosol(s)

time evolution

400-404

Severe weather

Radiative processes

162-163

Simple climate models - see Climate modelling

modelling - see Climate modelling

Sink strength of grccnhouse gases

stratosphere

433-034

troposphere,

432-433

Radiosondes - see Weather balloons

666-679

regional changes

see Grcenhouse gases

Snow cover
extent (SCE)
modelling

444-445
102, 123-124,129, 142, 159-160
see Climate modelling
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102,123-124

observed changes

Temperature

Soil carbon - see Carbon cycle

20th century trends

Soil dust - see Aerosol(s)

consistency of surface and upper air measurements

444,570-573

Soil Moishuret

Solar cyclet- see Solar variability

101, 108,115

diumal range (DTR)

121-t23

101, 108, 129, 570-572,575

during Holocene

138-140

during last glacial

140-141

Solar forcing of climate - see Solar variability

during previous inter-glacials

141-142

Solar variability

extreme(s)

156-157

instrumental record

105-119

89, 293, 297, 380-385

Solar (or short-wave) rad)a6onr

influencRon climate

91, 120, 136,380-385,500-502, 708-709
380-385, 395, 400, 706

radiative forcing from
Sooti- we Aerosol(s), black carbon

Source strength of greenhouse gases - see Greenhouse gases
Southern Oscillation Index (SOI)

455

SItES scenariost

95
266-267, 755

emissions
implications for future climate

541-543, 554-558,
600-601, 670-673

implications for future concentrations

330, 332-334
402-404

266, 531-532, 541 543, 554-558, 600-601.

Stabilisation of climate - see also WRE and S
stabilisation profiles

105-110

maximum

108-1 10, 570-572, 575

minimum

108-110, 570-572,575

night marme air (NMAT)

108, 110

observed changes

101-103, 105-130

ocean

110-112, 118-119, 644646

over past 1,000 years

130-133

projections of future changes

223, 224, 274275,

implications for future radiative forcing
markers

land surface

538-540, 541-554, 570-572,

593-602, 607, 613-615, 649, 653-654, 669
satellite record

120,121-123

sea surface

1033, 110-: 12
122

stratospheric

132, 136

sub-surface land

557-558,675-677

119-121,122

upper air
Temperature/moisture feedback

Stabilisation ofconcentrations - see entries under

557-558

individual gases and aerosols
Statistical downscaling - see Downscaling

432
89-90

Terrestrial (or long-wave) radiation

657-658, 680-681

Terrestrial storage (of water)

664,675

Storm surgest
Storms - we Tropical Storms, Tropical Cyclones

Thermal expansion (of ocean)t

644-647, 665, 666-667, 675-677

Thermohallne dreulationi

138, 141, 436,439-440,456,565

modelling - we Climate modelling

and Extra-tropical cyclones

projection of future changes

Stralospheret

aerosol(s) - sce Aerosol(s)

Tide gauge observations of sea tevelt

cooling - see Temperature, stratospheric

Time-shce AGCM experiment
434-435

dynamics

435

influence on surface climate

temperatures - see Temperature, stratospheric

Tree rings
434

Sulphate aerosol(s) - see Aerosol(s)

Sunspots`

617,620

533

Transient climate responset- see Climate response, transient

water vapour - we Water vapour, stratospheric

Sulphur hexalluoride (SF6)

162-163, 573

-ftansfer function

definition

Stratospheric ozone - see Ozone

Sulphur dioxide (SO2) - we also Aerosol(s)

661-664
589-590, 603-607

Transient climate changet

modelling - we Climate modelling, stratospheric climate

Stratospheric/tropospheric coupling

Tornadoes

562-563, 677

130, 131, 133
455

Tropical cyclones
modelling - sce Climate modelling

301, 303
254
381-382

Surface Boundary Layer - see Boundary layer

observed changes
projections of future changes

160-161,575
574, 575, 606, 675

Tropical monsoons - we monsoons
Tropical storms

160,455,574,606

Tropospheric aerosol(s) - see Aerosol(s)
Tropospheric OH - we Hydroxyl radical (OH)

T
Taiga

194-195

Tropospheric ozone - we Ozone

Tectonic land movements

658-659

Tropospheric/stratospheric coupling - see Stratospheric/

Teleconnections

139. 151, 451-452

tropospheric coupling
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194-195

observed changes

103, 146-148

representation in climate models - we Climate modelling

lyphoors - see Tropical cyclones

stratospheric

U
United Nations Framework Convention on Climate Change
(UNFCCC) Article 2

557-558

Upwellmg-diRusion model

surface

146-147

tropospheric

146148

Weather balloons (radiosondes)

646-647, 670-673

temperature measurements from

Urban heat island -see Urban influence on temperature
Urban influence on temperature

146-148,263,366-367

]19-120
147

water vapour measurements from
94, 106,)63

UV radiation

88, 89

Weather generators - we Climate scenarios
Weather typing

617-618, 620

Well-mixed greenhouse gas(es) 356-359,386-387,393-395,400-402

V

- see also individual entries for CO2. CHa, N,O, halocarbons

Volatile organic compounds (VOCs)

257-259

West Antarctic Ice Sheet - see Ice Sheets
WRE stabilisation profiles

Volcanoes - see also Mt. Pinambo and E] Chichon

557-558

as source of aerosol(s) - sec Aerosol(s)

influence on climate
radiative forcing from

91, 136,500 502, 708

x

379-380, 395, 400-41YL, 706
Y
Younger-Dryas

W
Warming commitment - see Climate change, commitment

Z

Water vapour (R20)
feedback

93,421,423-427

137, 140

